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m exponent in Paris Growth Law that is a function of material, temperature, etc. 
N number of cycles 
P axial load on the specimen 
r radial distance from crack tip 
S strain energy density factor 
SIF stress intensity factor 
SIGMA nominal far field stress 
a angle of crack plane for Mode I/Mode II specimen 
X1ll 
P angle of crack .plane for Mode I/Mode m specimen 
AK difference of maximum K and minimum K 
AP difference of maximum P and minimum P 
0 angle describing location relative to.crack tip 
v Poisson's ratio 
CJ nominal far field stress 
CJij stress near the crack tip 
GkI nominal far field stress (i.e. CJxx, Gyy, Gxy ) 




1.1 Objective of the Study 
The objectives of this study are to better understand what causes fatigue crack 
growth under mixed mode loading and to develop a suitable method for calculating the 
driving force parameter or verify an existing method. These objectives were accomplished 
by developing and analyzing a specimen that is capable of maintaining mixed mode crack 
growth. Several specimens were built and exposed to controlled fatigue loading in the lab. 
These specimen were then modeled on the computer using finite elements to determine the 
stress intensity factors (SIF). The computed stress intensity factors were used to 
determine what actually forced the crack growth (i.e. an "equivalent" SIF, the Mode I SIF. 
etc.). 
This study was initiated in response to questions regarding fatigue crack growth 
control parameters and crack growth direction (including warping) in tubular joints. 
Because of the lack of geometric symmetry in tubular joints, even simple loads can cause 
predominantly mixed mode behavior. Given this complex geometry it is difficult to predict 
fatigue crack growth behavior. Much of the current literature [1,2] points to the fact that 
if mixed mode crack growth were better understood many of the fracture mechanics 
problems facing the offshore industry could be solved more reliably. 
I 
1.2 Chronological Outline of the Study 
The original plan for the study was to use the Paris Growth Law to determine the 
"equivalent" SIF's developed from the forced crack growth. This plan was dependent on 
the specimen crack front being straight and flat. After testing several specimens it became 
obvious a curved crack front was the norm with this mixed mode loading. As a result the 
new strategy became to calculate the SIF's along the stabilized curved crack front and 
establish an algebraic expression for the "equivalent" SIF . This algebraic expression 
could then be verified by applying it to other curved crack fronts to determine if the 
"equivalent" SIF was satisfied. 
The chronology of the study is as follows: 
1. Conducted intensive literature search on mixed mode fracture mechanics 
2. Ran simple crack model on finite element software (SESAM and ANSYS) 
3. Calculated SIF's using handbook solutions 
4. Validated computer SIF's by comparing them to handbook solutions 
5. Built several types of mixed mode specimens 
6. Fatigue loaded the cracked specimens to determine which would :function best for 
maintaining the desired crack growth direction 
7. Built a fixture for the traveling microscope to allow observation of slanted cracks 
8. Wrote several programs to create a finite element model of the specimen with a curved 
crack front 
9. Ran several finite element models with curved crack fronts to ensure error free 
calculation of SIF's 
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1 O. Built final specimens in the machine shop 
11. Fatigue tested each specimen on the MTS tensile machine 
12. Measured the coordinates along the curved crack fronts on each specimen 
13. Calculated the SIF's for each specimen using the finite element programs 
14. Analyzed the results and theorized the driving force parameter 





2.1 Review of Mixed Mode Fracture Mechanics 
The stress in a linear elastic cracked body is defined by [51,74,84,85] 
Oij = ( )i;;) fij(0) 
where Oij is the stress near the crack tip, K; is the stress intensity factor, (; is a 
dimensionless function and r and 0 are described by Figure 1. The stress near a crack tip 
varies with a Jr singularity, regardless of the configuration of the cracked body. 
CJyy 
Figure 1. Coordinate System and Stresses Near the Crack Tip 
A crack can experience three types of loading as shown in Figure 2. In Mode I the 
load is applied perpendicular to the crack faces. This is called the opening mode. In 
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· Mode II the load is applied parallel to t_he crack faces and tends to cause in-plane shear. 
This is called the sliding mode. In Mode m the load is also applied parallel to the crack 







Figure 2. Basic Modes of Loading 
mode 3 
Tearing 
Stress intensity factors are most useful if they are defined relative to the remote 
loading and the geometry.· The general equations for stress intensity factors can: then be 
written as follows: 
K1 =C1ak1 J1ta 
Kn =Cnakl J1ta 
Km =Cmakl /xa 
where a is the remote stress, a is the crack length, and C is a dimensionless constant that 
is a function of the geometry and type of loading .. Refer to Figure 3. 
Paris [ 66] has postulated that the stress intensity factor is the overall controlling 
factor in the fatigue crack propagation process. That postulate has become known as the 
Paris Growth Law and is mathematically stated as follows: 
where ! is the fatigue growth rate, AK is the stress intensity factor range 
(AK = Kmax- Kmm ), and A and m are constants that are a function of the material, 
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environment, frequency, temperature, and stress ratio. This growth law applies for Mode 
I, II, or m. [95] 
Figure 3. Remote Stress Applied to a Cracked Body 
2.2 Literature Search 
The results of the literature search are broken into the five major categories that 
follow: 
2.2.1 "Equivalent" SIF Calculations/Driving Force Parameters 
The objective of this portion of the literature search is to locate all research 
directed at developing an "Equivalent" SIF or Driving Force Parameter for mixed mode 
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subcritical crack growth. There is substantial literature on mixed mode crack growth and 
behavior. Nearly all the papers apply to symmetric and uniform specimens where the 
crack is free to grow in.any direction. It is well established [3] that in subcritical mixed 
mode crack growth the crack will rotate until it reaches fully mode I growth (Figure 4). 
Baloch, Erdogan, Iida, Pook, Richard, Shah, Sih, Stanzl,, Tschegg, Yishu and a host of 
others have observed and analyzed crack growth in this situation. Some of the more 
prominent studies are listed as references [3] through [30]. There is also literature that 





Figure 4. Crack Rotation to Mode I Growth 
There is minimal literature describing subcritical crack growth if the crack is forced 
by geometry to maintain a mixed mode growth. Rhee [1,36-40] has written several papers 
that describe the need for more research on this subject as it applies to the offshore 
structure industry. Han [48] came to the same conclusio~ as a result of his work. Pook 
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[2] has also stated this specific need and goes on to say that the design of mixed mode 
specimens with a desired degree of crack path constraint has not been addressed. 
At present there is not a firmly established mixed mode crack driving parameter 
that is universally accepted. The following is a list of the crack driving parameters found 
in the literature: 
Broek [41] has predicted.a two dimensional equivalent SIF: 
Rhee [37, 40, 42] and de Freitas and Carvalho [43] have used an equivalent SIF 
defined by the crack energy release rate: 
Sih [44] and Badaliance [45] have applied the strain energy density factor to 
predict crack growth as follows: 
where: 
au =(3-4v-cos9)(I+cos9)/16µ 
a12 = 2 sin9(cos9- l + 2v)/16µ 
a22 = [4(1-v)(I-cos9)+(3 cos9- l)(l +cos9)]/16µ 
a33 = 1/4µ 
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µ=E/2(1+v) 
v is Poisson Ratio 
e is the crack angle with the horizontal 
k1,k2,k3 ar~ stress intensity factors 
Tongo, Otsuka, and Yoshida [46] predict crack growth for modes Il and ill to be 
a function of the summation of the two SIF's. 
Roberts and Kibler [47] suggested a two dimensional approach: 
2.2.2 Mixed Mode Specimens 
The literature search revealed numerous types and configurations of mixed mode 
specimens. Richard [33] has a paper that summarizes many of the more common mixed 
mode specimens. Figure 5 shows the specimens he evaluated. He critiques each of the 
specimens using the following criteria: 
CI Full range of mixed Mode I/Mode Il combinations 
C2 Compactness of specimen 
C3 Ease of manufacture 
C4 Ability to form fatigue precracks under Mode I loading 
C5 Clamping and loading conditions must be easy to achieve 
C6 Simple test procedure and evaluation 
C7 Realizability of a state of plane strain 
CS Small minimum dimensions to give small fracture loads 
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Figure 5. Mixed Mode Specimens 
All of these mixed mode specimens will produce mode I crack propagation under 
subcritical loading. There are numerous papers on each listed in the Literature Library 
that was developed for this project. Richard [21] also has another paper that expands on 
each of these specimens in more detail. In this and another of Richard's papers [33] a 
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fixture is illustrated that can be used for holding compact test specimens at different angles 
to produce mixed mode loading (Figure 6). 
Figure 6. Loading Device for CTS Specimen in a Tensile Testing Machine 
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The following are additional specimens that were found in the literature. 
Chell [49] and Yishu [35] used the specimen and fixture in Figure 7 to produce 










Figure 7. Fixture and Specimen Used by Chell and Yishu 
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Richard (32] used the specimen and fixture in Figure 8 to produce different 
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Figure 8. Fixture and Specimen Used by Richard 
Pook (14, 15, 17, 18, 19, 20] used the specimens in Figure 9 to produce modes I 
and ill. 
Crack path 
Figure 9. Specimen Used by Pook 
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Figure 10. Specimen Used by Miglin 
Tschegg [25, 28, 29, 30] used the specimen in Figure 11 to produce mode I with 
static mode III. 
Figure 11 . Specimen Used by Tschegg 
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Baloch [4] and Hua [9] used the specimen in Figure 12 to produce modes I and II. 
Figure 12. Specimen Used by Baloch and Hua 
Nunomura [13] used the specimen in Figure 13 to produce modes I and II loading. 
p 
Figure 13. Specimen Used by Nunomura 
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Tschegg [26] used the rotating.bending machine to produce reversed-repeated 









Figure 14. Specimen and Testing Machine Used by Tschegg 
Found [50] developed a fatigue testing facility for producing axial loads, torsional 













Figure 15. Specimen and Testing Facility Used by Found 
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"O"RING 
Hojfeldt [8] used the specimen in Figure 16 to produce modes I, II, and III at the 
shoulder fillet where the precrack is located. The primary loading is mode I. 
p (T) 
SIIJ\FT 
r n > 
Figure 16. Specimen Used by Hojfeldt 
2.2.3 Specimen Considerations 
SECTION 
A - A 
2.2.3.1 Specimen Materials. The following is a list of the different types of 


























AISI 304 Stainless 
AISI 316 Stainless 
























2.2.3.2 Specimen Side-Grooves. Specimen side-grooves can be used to force 
crack direction by causing a reduced cross-sectional area. Specimen side-grooves also 
have the "effect" of thickening the specimen and producing primarily a plane strain state 
(51,62,73]. Zhang [62] and Havas [71] both state there exists an optimal side-groove 
depth for producing the "maximum thickness". Zhang says the optimal side-groove depth 
is 33% of the specimen's total thickness. This also allows the specimen size to be smaller. 
The following literature concerns specimens using side-grooves: 
Gillemot [71] used side-grooves with compact tension specimens in mode I 
loading: 
Deshayes [ 56] used side-grooves to control the crack growth direction in flat 
plates. 
Tschegg [29,30] and Ritchie [64] used "circumferential notches" side-grooves on 
cylindrical specimens loaded in mode ID and static mode I (Figure 11 ). 
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Wright [70] used side-grooves to produce mode III crack propagation (Figure 17). 
There are two articles by Pook [72, 17] where he states this is actually mode II loading. 
His reasoning is that the cracked body acts like three cantilevered "beams". The bending 
action produces large normal strain on the top and bottom surfaces of the "beams". This 
normal strain causes in-plane shear at the crack tip which is mode Il loading. The 
magnitude of the mode II loading will inherently be a function of the crack length. The 
longer the crack the greater the mode Il loading. 
Figure 17. Mode II or Mode III Loading 
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2.2.3.3 Specimen Thickness •. ASTM E-399 [74] and Munz [75] give the 
thickness requirements to produce plain strain constraint. 
B=2.5(:~~ r 
2.2.3.4 Specimen Heat Treating. References [12,21,30,64,76] contain heat 
treating techniques that were used to change specimen fracture toughness and strength . 
properties. Heat treating was also used to eliminate the plastic zone after precracking [25] 
before beginning the fatigue crack propagation process. 
2.2.3.5 Modes II and m Friction. References [22, 77] discuss the significance of 
surface rubbing caused by mode II crack growth (Figure 18). References 
[17,27,30,64,65] seem to indicate this also occurs in mode III. 
There appear to be no quantitative methods for determining the effect of this 
friction. The magnitude of this effect is greatly dependent on the accompanying mode I 
load. It is also possible that this effect is a function of the magnitude of the minimum load 
relative to the maximum load. 
Figure 18. Mode II Friction 
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2.2.3.6 Interface Cracks Between Dissimilar Materials. It is possible to force 
a crack to grow mixed mode between two dissimilar materials. References [78, 79,80] 
discuss the nature of crack growth at the interface between these materials. This appears 
to be a very complicated fracture mechanics situation and would produce a specimen 
difficult to accurately model on the computer. As a result dissimilar materials were not 
used to force the crack direction on the specimens used in this project. 
2.2.4 Experimental Techniques 
2.2.4.1 Crack Measurement. Based on the literature it appears the electric 
potential drop method (EP) is a very successful and popular method for measuring crack 
growth. The potential drop technique simply involves applying a constant current through 
a cracked specimen or structure in such a way that a change in crack length alters the 
potential difference at contact points in the.vicinity of the crack, as shown in Figure 19 and 
20. Expected accuracy can be as high as 0.0005 in. References [51] through [54] contain 
specific information on how to use this method and its accuracy. References [4, 14,26,30, 
55,56,57] contain fatigue tests that used this method. 
This method works well with straight crack fronts but would require complicated 




Figure 19. Potential Drop Method 
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Figure 20. Example of Potential Drop Method 
2.2.4.2 Load Magnitude and Frequency. The literature shows a wide range of 
values for the cyclic fatigue loads. It is common to set the minimum load at one-tenth of 
the maximum load [19,70]. To maintain subcritical crack growth the maximum stresses 
are generally kept below 70% of the yield strength . All loading is in tension to prevent 
closure effects. 
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The loading frequencies used in the literature varied from O .1 Hz to I 00 Hz 
without any apparent preferred range [4,9,15,16,19,26,30,64,70]. The exception to this 
was a study performed by Stanzl [ 60] using ultrasonic frequencies at 20kHz. After 
comparing his results to a loading frequency of 100 Hz he observed there were no 
pronounced frequency effects. 
2.2.5 Finite Element Analysis 
Rhee [81,82] and Ingraffea [83] have presented a technique for calculating the 
SIF's using the displacements from a finite element analysis. This technique uses three-
dimensional quarter-point elements lined along the crack front. The quarter-point elements 
are actually 20-node block elements that are collapsed to a wedge and have the mid-side 
nodes moved to the quarter point (Figure 21). The advantage of these elements are that 
they produce the }r singularity at the crack tip. This technique is used in many 
commercially purchased software packages such as A.NSYS [86] and SESAM [87]. 
N 
I 
Figure 21. Crack Front Modeled With Quarter-Point 20-Node Wedge Elements 
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2.2.6 Mixed Mode Experimental Data for Comparison 
No experimental data was found that could be used for a direct comparison with 
the specimen used in the current study. 
2.3 Other Relevant Research Currently in Progress 
2.3.1 L.P. Pook 
An article was found in the May 1992 issue of"NDE Centre News" [88] from the 
University College at London. It states that the Science and Engineering Research 
Council has awarded a three year grant for the study of mixed mode fatigue and fracture 
cracking of offshore steels. The research will be conducted by L.P. Pook. 
The article goes on to say the following. "The purpose of the project is to study 
the behavior of fatigue cracks in offshore steels, using small scale specimens, under the 
types of mixed mode loading often experienced by offshore tubular welded structures. 
Crack growth rates and the paths taken by cracks will be examined in detail, and data 
analyzed in the light of results of finite element analysis. The results obtained from the 
small scale specimens will be compared with data from large scale tests on tubular welded 
joints, including results which are becoming available from sequential multiaxial tests. It is 
expected that this will lead to the development of methods of predicting mixed mode 
fatigue crack growth behavior in practical structures, such as tubular welded joints, from 
the results of small scale laboratory tests." 
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2.3.2 D. Bowness and M.M.K. Lee 
Bowness and Lee have recently performed research [89,90] at the University 
College of Swansea, United Kingdom that is pertinent to this study. The focus of their 
research was to determine the driving force parameter for the "mixed mode" crack growth 
in a T-joint (See Figure 22). The researchers used a locally developed program and 
ABAQUS to model the joint and crack. Only axial loads were applied. Eight finite 
element runs were made using eight different assumed crack shapes (See Figure 23). The 
first four runs used straight shallow cracks at different angles. The other four runs were 
deep cracks with two cracks being straight at different angles and the other two having 
curvature. The authors state that the actual crack front shape for a joint of this type is 
closest to curve D3. The results of their runs can be seen in Figure 24. From this figure it 
can be seen that KI is the dominant mode and KIi and KIii are very close to zero except 
where the crack intersects the surface. The authors' conclusion is that a cracked tubular 
joint under axial loading is governed by the Mode I SIF and the crack grows perpendicular 
to the maximum principal stress. The authors also indicated that they are continuing their 
study to include moment loaded joints. 
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Figur, 3 - Mode I SIF dislribulion for the shallow aack. 
0.5 
ij 0.4 
.!: .. 0.3 
@ 0.2 ·e 
cO.I ~-= .---':l 0 . 
- -~·-:--:--c--->---~ 
~ .0.1 I 
·0.2 
0.00 0.20 0.40 0.60 0.80 1.00 
2+1n 
--s, 
-::i-- S2 j 
---- SJ! 
j--54! 




.!: 0.3 ., 




i;;i .o I 
0.00 0.20 0.40 0.60 0.80 1.00 
2+tn 




























0.00 0.20 0.40 0.60 0.80 1.00 
2+1n 









i ----0-- D2 
---- 03 -------· ..... 
~--c--c--v-:J--C---a -=-- D4 
0.40 0.60 0.80 1.00 
2+1n 
Figure 7 - Mode D SIF dislribulion for the deep aaclc. 
0.8 
0.6 --01 
0.4 --0-- D2 
0.2 I ----03 
0 I--D4 
-0.2 x 
0.00 0.20 0.40 0.60 0.80 1.00 
2+tn 
Mode m SIP disuibutioo for the deep aaclc. 





The first step in the experimental phase was to develop a specimen that could 
maintain "mixed mode" growth. None of the specimens found in the literature had this 
ability. For ease of computer modeling, fabrication, and load application, flat plates with 
slanted side grooves were used to force the desired crack direction (Figure 25 and 26). 
Seventeen specimens were built and tested one by one before a specimen was developed 
that could maintain the proper crack growth direction. While testing these seventeen 
specimens it was immediately observed that the crack has a strong tendency to grow 
perpendicular to the load. Even with the reduced cross section at the side grooves, the 
crack would quite often veer and grow normal to the load (Figure 27). 
The rationale for the side grooves was to increase the stress due to the reduced 
cross sectional area and also to produce a stress concentration at the side groove tip. 
These higher stresses in turn increased the stress intensity factors in this region and 
controlled the crack growth direction. A variety of side groove shapes, depths and angles 
were tried with one inch plate. To simplify the problem, the specimen was changed to just 
a "Mode I/Mode II" configuration. The following side groove types were tried: 
1) V-grooves with depths of .1 ", .125", .250", and .375" (Figure 28) 
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Figure 25 . Specimen for Maintaining Mixed Mode Crack Grov.rth 
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Figure 26. Definition of Alpha and Beta Angles 
30 
Figure 27. Crack Grov.rth Perpendicular to Tensile Load 
Figure 28. Specimen With V-Shaped Side Grooves 
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2) Radiused V-grooves_with a depth of .250" 
3) Rectangular grooves staggered with depths of. l" and . 125" (Figure 29) 
4) Rectangular grooves symmetrical with depths of. 125" and .200" 
(Figure 30) 
A specimen with V-grooves (Figure 30) was developed that properly forced the 
crack growth but the crack front curvature was very extreme and difficult to measure. 
The desired crack growth direction was not able to be maintained when staggered 
rectangular grooves were used. 
3.2 The Final Specimen 
The specimens used for the final tests were made of A572, 50 ksi steel plate. This 
material was chosen because ofits immediate availability, its machinability, and its high 
fracture toughness allowing for long subcritical crack growth. The specimen size was 21" 
x 4" x l ". This size was selected to produce plane strain through the thickness yet not 
have a large cross section that required excessive loads to produce crack growth. · The 
length was chosen to limit bending effects. The specimens were loaded through two-inch 
diameter holes at the ends. Half inch wide symmetric side grooves were machined 0.200 
inches deep on both sides at the middle of the plate. A modified chevron notch (Figure 
31) was machined at one edge of the plate to force the starting location for the crack. The 
mill scale pattern on all the specimens was maintained in the same direction to ensure that 
the rolled grain direction of the material was the same in all the specimens. 
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Figure 29. Specimen With Staggered Rectangular Side Grooves 
Figure 30 Specimens With V-Shaped and Symmetric Rectangular Side Grooves 
........ ., .) 
Figure 31. Modified Chevron Notch 
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Nine specimens were developed with side grooves to produce modes I and TI 
loading. These specimens were machined with alpha angles of 0, 5, 10, 15, 20, 25, 30, 35, 
and 40 degrees (Figure 26). Figure 32 shows the final Mode I/Mode TI plates. 
One specimen was developed and tested to produce modes I and m loading. This 
specimen had a beta angle of20 degrees (Figure 26). See Figure 33 for the Mode I/Mode 
m specimen. 
For both specimen types the crack length (a) refers to the distance from the plate 
edge to the crack tip measured along the side groove. 
3.3 Manufacturing the Specimens 
Specimens were flame cut from large flat plates. Flame cut edges were then milled 
smooth on a horizontal milling machine. Holes were drilled with a two inch twist drill. 
Following the drilling, the holes were bored to 2.030 inches on a vertical milling machine. 
The purpose of boring the holes was to ensure that the hole surface was very smooth and 
also perpendicular to the plate longitudinal axis. Next the side grooves were milled on a 
vertical milling machine with a 1/2-inch two-fluted end mill. A swivel base vise allowed 
for milling the alpha angle accurately. At this point an opening was machined at one end 
of the side grooves to make room for cutting the modified chevron notch. Machining the 
modified chevron notch was the most tedious procedure. The vertical milling machine, 
with a 45 degree angle cutter, was used to cut this notch. The final step was to deburr all 
the machined edges and clean the specimens in a solvent tank. The approximate time for 
making each specimen was 6 hours. A total of 31 specimens were built. 
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Figure 32. The Mode I/Mode Il Specimens 
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Figure 33. The Mode I/Mode III Specimen 
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In addition, an adjustable fixture was built to hold the traveling microscope (Figure 
25). This fixture allowed for adjusting and holding the microscope at different angles and 
locations. 
3.4 Loading Procedure 
The specimens were fatigue loaded in uniaxial tension in a 20 kip MTS testing 
machine (Figure 34). The testing was performed under load control. One of the 
objectives of the experimental phase was to produce visible crack front marks on the 
fracture surface of the specimens (Figure 35). This was accomplished by having a 
systematic procedure of allowing crack growth and then changing the load range. 
For each specimen the crack was permitted to grow approximately .100 to .200 
inches at a constant AP and then the AP loading was changed. This procedure was 
repeated until the crack had grown the length of the specimen. The AP loading was 
altematingly increased and decreased being careful not to produce plastic deformation 
with a large P ma,c The AP loads applied to the specimens varied from one kip to 17 kips 
depending on the desired rate of crack growth. 
The loading frequency was set at 5, 10, or 20 hertz during the crack growth phase, 
depending on the crack length and P ma,c The frequency was set at one or two hertz while 
reading the traveling microscope. The load was applied in a haversine wave form. 
The specimens were carefully centered in the MTS machine to ensure that bending 
was not present. Also, the specimen fracture surfaces were observed after failure to 
ensure that the crack fronts were symmetrical which would indicate the plates were not in 
bending. 
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Figure 34. 20 Kip MTS Fatigue Testing Machine 
Figure 35 . Curved Crack Front 
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The crack movement was observed and measured using the traveling microscope 
held in the adjustable fixture. The crack location was then recorded with respect to the 
number of cycles. After failure each specimen was sprayed with acrylic to preserve the 
fracture surface. 
3.5 Crack Front Shape Measurement · 
Next the crack front shape (Figure 35) of each specimen was measured using a 
Bridgeport vertical milling machine. A sharp steel scribe was placed in the spindle and 
used to locate the crack front. The coordinate values were observed from the digital 
displays for the milling table location. These coordinate locations were recorded and then 
used for input into the computer models. 
3.6 Comparison of Crack Growth Rates 
Two additional Mode I/Mode IT plates were developed to compare crack growth 
rates. The plates had alpha angles ofO degrees and 20 degrees. Both plates were fatigue 
loaded in the MTS tensile testing machine following the guidelines of ASTM.Standard 
E647 [74]. The crack was allowed to grow freely with no load change for about half an 
inch on both plates. The plates were loaded to produce AK values gradually increasing 
from 15 to 50 ksi Jin . The O degree plate was fatigue loaded with a P max of 7 kips and a 
P min of 2 kips. The 20 degree plate was fatigue loaded with a P max .of 12 kips and a P min of 
4 kips. 
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The crack length was monitored and measured using the traveling microscope. 
The exact location of the crack tip was very difficult to monitor. At the surface, the crack 
moved in the sharp comer of the side groove. This made it visually difficult to measure. 
As a result, the recorded crack length data is sometimes erratic. 
3. 7 Observations on Procedure 
The following are items that were observed during the experimental phase of the 
project: 
1) The crack tended to leave the desired path if the growth rate was 
slow. The crack would tend to grow at an alpha angle less than the 
side grooves. This would cause the crack to grow or "tunnel" into 
the material without growth on the surface. It appeared this 
phenomenon was dependent on AP (i.e. AK) and not the absolute 
load. The crack seemed to have a stronger tendency to grow 
perpendicular to the load when the growth rate was slow. 
2) The comer of the side groove must be machined very sharp or the 
crack will tend to wander and not stay down in the side groove 
comer. 
3) The modified chevron starter notch must be very sharp and it must 
be located exactly or the crack will tend to grow in the wrong 
direction or secondary cracks will start at the side grooves. 
4) Stray scratches and machining marks can redirect the crack. 
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5) Crack growth rate data recorded for each specimen was 
approximate because of the difficulty in visually locating and 
measuring the exact crack tip location in the comer of the side 
groove. This data is also approximate because of the continual 




4.1 The Software 
The software used to model the specimens was ANSYS Version 5.0 [86]. This 
software was obtained following the discovery that SESAM [87] and its preprocessors 
PREFEM and PRETUBE were totally unacceptable for modeling the specimens. The 
SESAM modeling package was originally proposed because it had already been purchased 
and was in use for other research in this Joint Industry Project. The ANSYS software is 
an extremely powerful package and easy to use. The version of ANSYS used was limited 
to a wavefront of 1200 which controlled the mesh density. 
ANSYS software does not have the ability to directly create 3-dimensional cracks 
or curved cracks. As a result, eight programs were written to run within ANSYS that 
create the curved cracks. Most of these programs are specific to this specimen and its 
crack shapes. The time required to write these programs was approximately 400-500 
hours. A similar set of programs could be written for the Mode I/Mode III specimen. 
4.2 Verifications of Stress Intensity Factor Calculations 
Various 2-dimensional and 3-dimensional crack configurations were modeled with 
ANSYS and the SIF's were compared to handbook solutions. The purpose was to 
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confirm that ANSYS was calculating K1, Kn, and Km properly. ANSYS calculates the 
SIF's with the nodal displacements at the crack tip using the procedure outlined by 
Ingraffea (83]. In all cases except one, the values calculated by AN SYS differed from the 
handbook solutions by less than two percent. The one exception varied by only 3.9%. 
Appendix A contains the results of the computer runs for various configurations. 
4.3 Plate Length Check 
A finite element model was analyzed to verify that the specimens were long 
enough to produce a uniform stress distribution in the middle of the plate. St. Venant's 
principal would suggest that if the plates were long enough the large stresses around the 
holes would redistribute before reaching the center of the plate. Figure 36 shows that the 
stresses in the middle of the plate vary by less than± 2 psi at an average stress of 500 psi. 
The stress contours in this plate at the middle are between 498 and 502 psi. 
4.4 Model Details and Procedures 
Each specimen was modeled with a series of four consecutive finite element runs. 
The first step was to model the plate to its exact dimensions with the holes, side grooves, 
pre-notch opening, and crack included. Since each plate has a plane of symmetry only half 
of each plate was modeled. Figure 3 7 shows an example plate with its elements included. 
The boundary conditions include a fixed node at the bottom of the lower hole and a node 
restriction against x-translation on the top of the upper hole. The plane of symmetry was 
restricted against z-translation and the load was applied at one node at the top of the 
upper hole. For this model of the plate, the crack front was straight and was not modeled 
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Figure 36. Plate Length Check 
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P24L27 - ALPHA=30 DEG/C CK TI P= .1 / NEAR POINTS= . /S . G. ENDS= . 5 
Figure 37. Finite Element Model of Specimen Using Symmetry 
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with wedge elements. 
The second step was to build a two-inch diameter submode! of the crack area. 
This diameter was chosen to ensure that crack stress concentrations and singularities had 
redistributed before reaching the submodel boundary. This model had the exact crack 
front shape and for ease of modeling wedge elements were used at the crack tip. The 
elements in this submode} lie in planes parallel to the long axis of the plate. Because the 
wedge elements were not perpendicular to the curved crack front they could not be used 
to calculate the SIF's in ANSYS. Figure 38 shows an example of this submodel. ANSYS 
has a very powerful feature that allows the boundary of this submodel to be specified and 
located relative to the coarse model (the plate). Then ANSYS uses this information to 
interpolate the forced displacements for the boundary of the submodel. 
The third step was to build a one inch diameter submodel of the cracked area. 
This submodel also had the exact crack front shape and included wedge elements at the 
crack tip. Figure 39 shows an example of this second submodel. The forced 
displacements at the boundary on this submodel were calculated from the first submodel. 
Again these wedge elements were not perpendicular to the curved crack front so they 
could not be used to calculate the SIF's. 
The fourth and final step was to build a . 07 5 inch diameter submode} of the 
cracked area. This submodel had the exact crack front shape and its wedge elements were 
rotated so that they were perpendicular to the crack front at all locations. Figure 40 
shows an example of this submodel. The SIF's were calculated from this model. The total 
time to build and run the complete model for each specimen was approximately 15 hours. 
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P27L33S1 - ALPHA=40 DEG./RADIUS=l /KE IZE=.4 /KSCON= .l 
Figure 38. First Submode! of Crack Front 
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Figure 39. Second Submodel of Crack Front 
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Figure 40. Third Submodel of Crack Front 
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The four step procedure of building a coarse model with three submodels was used 
for the following reasons: 1) AN SYS did not allow direct solids modeling of the exact 
plate configuration with the curved crack front and its wedge elements all in one model. 
2) The size of the first curved crack submodel was restricted by the wavefront limit. The 
wavefront limit thus forced the building of the second submode!. 3) The reason for the 
third submodel was to include "rotated" quarter-point wedge elements that are 
perpendicular to the crack front so the SIF's can be calculated. When the wedge elements 
are perpendicular to the curved crack front, the diameter of the total model must be very 
small to produce elements with reasonable aspect ratios. 
The elements in the coarse model of the plate were all 20-node quadratic brick 
elements collapsed to tetrahedrons. The coarse models typically had 2500 to 4000 
elements. The elements used in the three submodels were full 20-node bricks except at the 
crack tip. The submodels typically had 1200 to 1400 elements. The elements used at the 
crack tip were 20-node quadratic brick elements collapsed to a wedge and the mid-side 
nodes were moved to the quarter-point. Figure 41 shows a close-up view of the 
quarter-point wedge elements at the crack tip. 
Numerous preliminary computer runs were made to determine the best model 
configurations that would fit within the wavefront limit. 
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Figure 41 . Quarter-Point Wedge Elements at the Crack Tip 
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4.5 _The Programs 
The following programs were written to run from within ANSYS: 
1. CURVECRK - generates the elements around a curved crack front and keeps the 
elements in planes parallel to the specimen's long axis (See Figure 42) 
2. CURVEQP - moves the midside nodes to the quarter-point for the wedge elements 
created by CURVECRK 
3. CURVEBD - finds the nodes on the submodel boundary for the elements created by 
CURVECRK 
4. CURVEK - finds the nodes in the wedge elements created by CURVECRK and 
then calculates the SIF's using the node displacements 
5. W ARPCRKR - generates the elements around a curved crack front and keeps the 
elements perpendicular to the crack front (See Figure 43) 
6. W ARPQPR - moves the midside nodes to the quarter-point for the wedge elements 
created by W ARPCRKR 
7. W .ARPBDR - finds the nodes on the submodel boundary for the elements created by 
WARPCRKR 
8. W ARPKR - finds the nodes in the wedge elements created by W ARPCRKR and 
then calculates the SIF's using the node displacements 
The code for these programs is listed in Appendix D. 
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P27L33S1 - ALPHA=40 DEG./R~DIUS =l/KESIZE=. 4 /KSCON= . l 
Figure 42. Submodel Generated by CUR VECRK 
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P27L33S3 - ALPHA=40 DEG/RADIUS= . 075/ ESIZE= .04 / KSCON= . 01 
Figure 43 . Submode} Generated by W ARPCRKR 
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· 4.6 Mode I/Modem Specimen 
The above listed programs were not specifically written to handle the Mode 
I/Mode ill specimen because of its asymmetric crack front shape. With a few changes it 
was possible to use these programs to model this specimen. It must be emphasized that 
these program modifications only allowed for a "rough" modeling of the Mode I/Mode ill 
specimen. The main inaccuracy in the model was the element shapes and boundary 
conditions on the backside (left side) of the specimen. With a reasonable amount of work 
these programs could be modified to allow accurate modeling of this specimen. 
Since the Mode I/Mode ill specimen does not have a plane of symmetry the entire 
plate had to be modeled. This caused the ANSYS wavefront limit to be exceeded when 
the crack front submodels were constructed in the same manner as the Mode I/Mode IT 
specimen. To resolve this problem larger element aspect ratios had to be used. Toward 
the end of the project the ANSYS software was upgraded to a wavefront limit of 3000. 
This allowed for another model to be created with the proper element aspect ratios which 
resulted in 22 layers of elements. The original model with the smaller wavefront had 12 
layers of elements. 
4. 7 Obsenrations on Modeling 
Several attempts were made at building plates with cracks using SESAM which is 
a software distributed by Det Norske Veritas Industry, Inc. The preprocessor used is 
called PREFEM. PREFEM turned out to be a disappointment because of it's crack 
modeling limitations. PREFEM cannot create through-cracks or edge-cracks. It only 
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allows for surface cracks. PREFEM does not have the flexibility or number of options as 
does PRETUBE which is a preprocessor for constructing tubular joint models. The 




5.1 Mode I/Mode II Specimen 
Plots of normalized SIF values with respect to their location along the actual 
curved crack front are shown in Figures 44 and 45. These figures also show the 
normalized SIF's if the specimens are modeled assuming a straight crack front. It is 
interesting to note that for the actual specimens with curved crack fronts the Kn and Km 
values are less than 5-6% ofK1 except near the side groove and often they approach zero. 
For the specimens modeled with an assumed straight crack front the Kn value is 
considerably greater. As an example, for the plates with alpha angles of 30 and 40 degrees 
the Kn values are 23% and 31 % of K1, respectively. Figure 46 shows the normalized SIF's 
for the plate with alpha equal to zero degrees. 
In Figures 44 through 46 the SIF values vary considerably near the side grooves. 
The reason for this variation at the side grooves can be explained as follows: 
1) It was very difficult to accurately measure the crack front coordinates near the 
side groove because the crack front has an extremely steep slope at this location. There 
was a problem determining where to place the measuring probe on this steep slope. As a 
result, the measured crack "depths" at the second to last and third to last points could be 
inaccurate by as much as .040-.050 inches. 
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NORMALIZED SIF'S VS. DEPTH OF PLATE 
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Figure 44. Plots ofNormalized SIF's vs. Plate Depth for Alpha= 10-30 Degrees 
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Figure 45. Plots of Normalized SIF's vs. Plate Depth for Alpha= 40 Degrees 
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Figure 46. Plot of Normalized SIF's vs. Plate Depth for Alpha=O Degrees 
2) The forced displacements on the computer submodels were difficult to impose 
at the side groove comer. As a result, the stress concentration is not fully imposed at the 
last node on the side groove comer. 
3) The extreme curvature of the crack :front at the side grooves caused the 
elements at that location to have poor aspect ratios and extreme distortion. 
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4) ANSYS calculates the SIF's.assuming plane strain which may not be the case at 
the side grooves. 
The SIF's for all the plates modeled are in tabular form in Appendix B. There are 
also additional plots of the normalized SIF's in Appendix C. 
Another interesting observation is that for each plate the computer model values 
for Kn and Km tend to increase as a percentage of K1 as the crack becomes extremely long. 
It appears this is only true when the crack is very long and the remaining cross section is 
small. One possible explanation for this phenomenon is the plasticity effects in the 
remaining small cross section. The ANSYS computer model did not take into account the 
plastic deformation in our specimens. The specimens were modeled as behaving in a 
totally linear elastic manner. The plot in Figure 47 shows a stress contour of the 
maximum principal stress in the remaining ligament for the specimen with an alpha angle 
of 40 degrees. Notice that approximately two-thirds of the remaining material exceeds the 
nominal yield strength of the material. 
Plots of the typical crack tip strain distribution are shown in Figures 48 and 49. 
These plots were created using the specimens' actual curved crack fronts In comparison, 
Figure 50 shows a plot of the strain distribution for a specimen with an assumed straight 
crack front. It is interesting to note that the "dumbbell" shape is rotated and perpendicular 
to the crack faces for the actual curved crack fronts. The "dumbbell" remains parallel to 
the load and is not perpendicular to the crack faces for the specimen with an assumed 
straight crack front. 
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Figure 4 7. Contour of the Maximum Principal Stress in 40 Degree Plate 
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P2 4L2 7 S3 - ALPHA=3 0 DEG / RADIUS = .075/KESIZE= .04 / KSCON= . 01 
Figure 48. Strain Distribution Near Crack Tip for Curved Crack Front (Alpha= 30 Deg.) 
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Pl7L2S3 - ALPHA=20 DEG/RADIUS=.075/K 
Figure 49. Strain Distribution Near Crack Tip for Curved Crack Front (Alpha= 20 Deg.) 
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P24MIIS1 - ALPHA=30 DEG/RADIUS=.5/KE 
Figure 50. Strain Distribution Near Crack Tip for an Assumed Straight Crack Front 
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Figure 51 shows the direction of the maximum principal stress for the elements 
near the crack tip when modeled with the actual curved crack front. It is interesting to 
note that the maximum principal stress is perpendicular to the crack faces at the crack tip. 
Figure 52 shows the direction of the maximum principal stress for the elements near the 
crack tip when modeled with an assumed straight crack front. For the straight crack front 
the maximum principal stress basically remains parallel to the load and not perpendicular 
to the crack faces .. 
Appendix G contains a simple comparison of several actual Mode I/Mode II 
specimen stress intensity factors to the handbook solutions for a horizontal crack. 
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Figure 51 . Maximum Principal Stress Direction for Actual Curved Crack Front 
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Figure 52. Maximum Principal Stress Direction for Assumed Straight Crack Front 
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· 5.2 Mode I/Mode m Specimen 
Plots of the normalized SIF values with respect to their location along the actual 
curved crack front are shown in Figure 53. It is interesting to note that the Km values are 
approximately 50% of K1 • It is also interesting to note that the SIF values are basically 
the same for both the 12 layer model and the 22 layer model. 
The SIF values in Figure 53 vary considerably near the side grooves, especially the 
left side. The primary reason for this variation is the limitations of the computer model for 
the Mode I/Mode III specimen as explained in Chapter 4. Additional reasons for the 
variation in the SIF values at the side grooves are the same as for the Mode I/Mode II 
specimen. The values through the middle of the specimen should be fairly accurate. 
The crack tip strain distribution at the middle of the specimen is shown in Figure 
54 and the maximum principal stress direction at the crack tip in Figure S S. 
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Figure 53. Plots of Normalized SIF's vs. Plate Depth for Heta= 20 Degrees 
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P28L23S3 - BETA=20 DEG / RAD 
Figure 54. Strain Distribution Near Crack Tip for Curved Crack Front (Beta= 20 Deg.) 
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Figure 55. Maximum Principal Stress Direction for Mode I/Mode Ill Specimen 
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5.3 Crack Growth Rate Comparison 
The crack growth data for two Mode I/Mode TI specimens is shown in Figures 56 
and 57. As can be seen, this crack growth data was smoothed with a third order parabola 
using MATLAB. This smoothed crack growth data was then used to calculate crack 
growth rates. Tabular listings of the data in Figures 56 and 57 and the crack growth rate 
data are in Appendix E. 
A FORTRAN program was written to calculate the crack growth rates in 
Appendix E. The core statements for this program were obtained from ASTM Standard 
E647 [74]. This FORTRAN program is given in Appendix F. 
SIF values were calculated at three locations on each plate. Using the crack 
growth rate data and the SIF values, the log-log plot in Figure 58 was developed. The 
straight line in this plot is the fatigue-crack growth rate relationship developed by Barsom 
[91]. This relationship is!= 3.6x10-10(M<.1) 3 , which is applicable for ferrite-pearlite 
steels. 
The following are possible reasons for the data not following a straight line or 
lying near the Barsom relationship line. 
1) The two cracks propagated in different directions relative to the rolled grain of the 
material due to the alpha angles. The literature indicates that the rolled grain direction of 
the material does effect the crack growth rate [92,93]. 
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Figure 56. Crack Growth Data for The Specimen With Alpha=O Degrees 
3). The computer model values for K1 may be inaccurate for extremely long cracks where 
the cross section is small as discussed in Section 5 .1. 
4) The crack growth rate values may have small inaccuracies due to scatter in the 
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The following conclusions can be drawn from the results obtained: 
1) A crack can be forced to grow other than perpendicular to the load with the specimens 
discussed herein. 
2) The curved crack front developed in these specimens can be modeled with ANSYS 
using the custom programs discussed herein. 
3) For the Mode I/Mode II specimens tested, the crack front does not remain straight and 
flat but curves until it stabilizes into a primarily mode I growth. 
4) For the Mode I/Mode II specimens tested, the maximum principal stress is 
perpendicular to the crack faces at the crack tip. 
5) From conclusions three and four above, it is reasonable to conclude that for the Mode 
I/Mode II specimens tested, the crack is controlled primarily by Mode I and is driven 
by the maximum principal stress. This is consistent with the results obtained by 
Bowness and Lee [89,90] which are discussed in Section 2.3.2. 
6) For the Mode I/Mode II specimens tested, the mode I SIF's are approximately the 
same for both the actual curved crack front and the assumed straight crack front. 
7) For the Mode I/Mode III specimen tested, the crack front does not remain straight and 
flat but stabilizes into a curved shape. 
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8) From the computer model of the Mode I/Mode III specimen it appears that the 
mode III SIF is not zero but is significantly large relative to the mode I SIF. 




RECOMMENDATIONS FOR FUTURE RESEARCH 
1) Investigate in more depth the contribution that mode ill makes in fatigue crack 
growth. This could be accomplished by building and testing several Mode I/Mode· III 
specimens, writing the appropriate finite element software, and calculating the SIF's. 
2) Investigate the crack growth rates·for different Mode I/Mode II and Mode I/Mode III 
specimens. SIF data for the Mode I/Mode II specimen is available from this project so 
it would be necessary only to measure crack growth data for additional specimens. 
3) Develop and test a specimen that will sustain all three SIF modes during crack growth. 
From this it could be determined how the three modes interact. 
4) Develop a completely different specimen that can sustain mixed mode crack growth 
and compare its results to this project. 
5) Try different specimen materials and different rolled grain directions to determine their 
contributions in mixed loading. 
6) Investigate the "tunneling" effect that occurs at slower growth rates on the Mode 
I/Mode II specimens. 
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APPENDIX A-ANSYS SIF VERIFICATIONS 
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Handbook Solution[94]. 
a= 2 in. d= 2 in. 
b= 4 in. h= 2 in. 
F2= .79 (From Chart) 
2P(2b+a) 
'?°N = (b.a)2 
2(1000)(2(4)+2) CJ - --'--_..;..a.-"-'---'-
N - (4-2)2 
lb 
CJN = 5000 in2 
· K1 = CJN Jb-a F 2 
K1 = (5000)J4-2 (.79) 
K1 = 5586psi./in 
Computer Solution 
%= s60;;:;s6x 100 
%error= 0.3% 
2-D COMPACT SPECIMEN 
90 




Compact Spec imen 
Figure 59. 2-D Compact Specimen 
91 
2-D PLATE WITH CENTER THROUGH CRACK 
Handbook Solution[94] 
a= .5 in. h= 5 in. 
b= 3 in. alb= .1667 
F(a/b)= 1.0184 (From Chart) 
K1 = crJ1ta F(a/b) 
K1 = (IOOO)Jtt(.5) (1.0184) 
Ki= 1276psiJiii° 
Computer Solution 
o/c= 12s1-1216x 100 
o 1281 
%error= 0.4% 
cr= 1000 lb/in2. 
92 
FLAT PLATE WITH CENTER THROUGH CRACK 
Figure 60. 2-D Plate With Center Through Crack 
93 
3-D PLATE WITH EDGE CRACK IN TENSION 
Handbook Solution[94] 




a= 833.33 psi 
L= 21 in. 
a/w= .5 
P=2000 lb. 
t= .6 in. 
13 = 1.12-0.23(.5) + 10.6(.5)2 -21. 7(.5)3 + 30.4(.5)4 
13=2.8425 
K1 =al3Jia 
K 1 = (833.33)(2.8425)/1t(2) 






X Crk=2 in 
Y Crk= 10.5 in 
PTEN - 4 X 21 IN PLATE I TENSION I 2 IN CRACK 
Figure 61. 3-D Plate With Edge Crack In Tension 
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2-D PLATE WITH EDGE CRACK IN MODE II SHEAR 
Handbook Solutiort[94] 




I .3o--0.6s(? )-+-0.31(:) 2 -+-0.2s( t) 3 Fn = ________________ ........._ 
Ji : 
F _ t3o--0.65(.s)i-0.37(.s)2-+-0.2sc.s>3 




Kn= ~ {1000)(1.5592) 
.; 1t(2) 
Kn = 1244psi/in 
Computer Solution 
%= 12~,:,:9sxlOO 
%error= 3. 9% 
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Flat plate with edge crack in Mode II shear 
Figure 62. 2-D Plate With Edge Crack In Mode II Shear 
97 
APPENDIX B--TABULAR VALUES OF PLATE 
STRESS INTENSITY FACTORS 
98 
TABLE I 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #25 
Alpha= 0 deg. 
Sigma= 510.72 psi 
Crack Length= 2.188 in. 
ZOnl Kl K1lSigma K2. K2/Sigma K3. K31Sigim 
0.000 7013 13.73159 182 0.35636 0 0 
0.025 7020 13.7453 183 0.358318 43 0.084195 
0.050 7042 13.78838 189 0.370066 88 0.172306 
0.075 7082 13.8667 198 0.387688 135 0.264333 
0.100 7157 14.01355 213 0.417058 187 0.36615 
0.125 7273 14.24068 233 0.456219 245 0.479715 
0.150 7678 15.03368 275 0.538456 329 0.644189 
0.175 7793 15.25885. 322 0.630482 418 0.818452 
0.200 8368 16.38471 445 0.871319 565 1.106281 
0.225 7018 13.74138 446 0.873277 582 1.139568 
0.250 7953 15.57213 649 1.270755 793 1.55271 
0.275 6460 12.64881 521 1.020128 657 1.286419 
0.300 3331 6.522165 586 1.1474 154 0.301535 
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TABLE II 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #25 
Alpha= 0 deg. 
Sigma= 510.72 psi 
Crack Length= 2.625 in. 
ZOnl K1 K:llSigma K2 K21Sigma Ka K3/Sigma 
0.000 12607 24.68476 395 0.773418 0 0 
0.025 12618 24.7063 398 0.779292 78 0.152726 
0.050 12656 24.7807 407 0.796914 157 0.307409 
0.075 12724 24.91385 424 0.830201 242 0.473841 
0.100 12854 25.16839 450 0.881109 335 0.655937 
0.125 13054 25.55999 487 0.953556 440 0.861529 
0.150 13771 26.96389 564 1.104323 593 1.161106 
0.175 13958 27.33004 650 1.272713 755 1.478305 
0.200 14955 29.28219 876 1.715226 1029 2.014803 
0.225 12494 24.4635 869 1.701519 1067 2.089207 
0.250 14140 27.6864 1238 2.424029 1485 2.90766 
0.275 11464 22.44674 905 1.772008 1254 2.455357 
0.300 5783 11.32323 1038 2.032425 279 0.546288 
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TABLE Ill 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #25 
Alpha= 0 deg. 
Sigma= 510.72 psi 
Crack Length= 2.850 in. 
ZOnl Kl K1lSigma . K2. K21Sigma K3. K3/Sigma 
0.000 18094 35.42841 625 1.223763 0 0 
0.025 18109 35.45779 629 1.231595 111 0.21734 
0.050 t8161 35.5596 643 1.259007 226 0.442513 
0.075 18256 35.74561 666 1.304041 347 ·o.679433 
0.100 18438 36.10197 703 1.376488 481 0.941808 
0.125 18721 36.65609 755 1.478305 632 1.237469 
0.150 19740 38.65132 865 1.693687 854 1.672149 
0.175 19991 39.14278 985 1.92865 1090 2.134242 
0.200 21392 41.88596 1310 2.565006 1486 2.909618 
0.225 17822 34.89583 1288 . 2.52193 1538 3.011435 
0.250 20128 39.41103 1811 3.545974 2130 4.170583 
0.275 16200 31.71992 1330 2.604167 1778 3.48136 
0.300 8240 16.13409 1358 2.658991 414 0.81062· 
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TABLE IV 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #20 
Alpha= 5 deg. 
Sigma= 510.72 psi 
Crack Length= 2.317 in. 
Z(iD). K1 ~j/Sigma K2 K2/Sigma K3 ~3/Sigma 
0.000 7510 14.70473 299 0.585448 0 0 
0.025 7513 14.7106 299 0.585448 39 0.076363 
0.050 7523 14.73018 298 0.58349 80 0.156642 
0.075 7539 14.76151 298 0.58349 124 0.242794 
0.100 7565 14.81242 298 0.58349 173 0.338737 
0.125 7603 14.88683 302 0.591322 230 0.450345 
0.150 7663 15.00431 308 0.60307 302 0.591322 
0.175 7747 15.16878 346 0.677475 387 0.757754 
0.200 7932 15.53102 390 0.763628 538 1.053415 
0.225 8075 15.81101 1073 2.100956 555 1.086701 
0.250 9155 17.92567 472 0.924185 698 1.366698 
0.275 7383 14.45606 1271 2.488643 554 1 .. 084743 
0.300 3982 7.796836 940 1.840539 125 0.244753 
102 
TABLEV 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #20 
Alpha= 5 deg. 
Sigma= 510.72 psi 
Crack Length= 2.688 in. 
Z(io) K1 ~1lSig!I!a K2 K21Sig!I!a K3. ~3lSigma 
0.000 12667 24.80224 414 0.81062 0 0 
0.025 12675 24.8179 414 0.81062 61 0.119439 
0.050 12701 24.86881 413 0.808662 124 0.242794 
0.075 12748 24.96084 411 0.804746 192 0.37594 
0.100 12840 25.14098 410 0.802788 269 0.526707 
o.·125 12973 25.40139 412 0.806704 357 0.699013 
0.150 13535 26.5018 423 0.828242 486 0.951598 
0.175 13202 25.84978 440 0.861529 598 1.170896 
0.200 13712 26.84837 546 1.069079 866 1.695645 
0.225 13976 27.36529 1163 2.277177 964 1.887531 
0.250 10460 20.48089 784 1.535088 547 1.071037 
0.275 12510 24.49483 1663 3.256187 981 1.920818 
0.300 7780 15.2334 2132 4.174499 588 . 1.151316 
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TABLE VI 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #21 
Alpha= 1.0 deg. 
Sigma= 514 psi 
Crack Length= 2.657 in. 
Z(in). K1 K1/Sigma K2. K2lSigrna Ka K3/Sigrna 
0.000 11611 22.58949 140 0.272374 0 0 
0.025 11617 22.60117 135 0.262646 36 0.070039 
0.050 11634 22.63424 114 0.22179 74 0.143969 
0.075 11668 22.70039 79 0.153696 107 0.208171 
0.100 11720 22.80156 77 0.149805 169 0.328794 
0.125 11834 23.02335 49 0.095331 237 0.461089 
0.150 11986 23.31907 38 0.07393 285 0.554475 
0.175 12849 24.99805 16 0.031128 364 0.708171 
0.200 12007 23.35992 277 0.538911 432 0.840467 
0.225 11930 23.21012 158 0.307393 623 1.212062 
0.250 12408 24.14008 547 1.064202 790 1.536965 
0.275 11880 23.11284 217 0.422179 868 1.688716 
0.300 7581 14.74903 1397 2.717899 1103 2.145914 
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TABLE VII 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #21 
(Assumng a Straight Crack Front) 
Alpha= 10 deg. 
Sigma= 514 psi 
Crack Length= 2.657 in. 
ZOnl K1 IS::1 lSigr:na K2. K2/Sigma Ka IS:3/Sigma 
0.000 11391 22.16148 592 1.151751 0 0 
0.025 11393 22.16537 590 1.14786 27 0.052529 
0.050 11397 22.17315 585 1.138132 56 0.108949 
0.075 11405 22.18872 575 1.118677 86 0.167315 
0.100 11416 22.21012 561 1.09144 120 0.233463 
0.125 11432 22.24125 542 1.054475 159 0.309339 
0.150 11454 22.28405 516 1.003891 205 0.398833 
0.175 11487 22.34825 480 0.933852 262 0.509728 
0.200 11536 22.44358 431 0.838521 335 0.651751 
0.225 11619 22.60506 357 0.694553 427 0.830739 
0.250 11733 22.82685 253 0.492218 559 1.087549 
0.275 12076 23.49416 21 0.040856 667 1.297665 
0.300 11790 22.93774 400 0.77821 869 1.690661 
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TABLE VIII 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #21 
Alpha= 10 deg. 
Sigma= 514 psi 
Crack Length= 2.969 in. 
Z(io) K1 KjlSigma K2 K2/Sigma K3 K3/Sigma 
0.000 18969 36.90467 162 0.315175 0 0 
0.025 18975 36.91634 172 0.33463 58 0.11284 
0.050 18997 36.95914 211 0.410506 118 0.229572 
0.075 19037 37.03696 279 0.542802 168 0.326848 
0.100 19105 37.16926 563 1.095331 268 0.521401 
0.125 19209 37.3716 390 0.758755 353 0.68677 
0.150 19417 37.77626 776 1.509728 501 0.974708 
0.175 19725 38.37549 57 0.110895 645 1.254864 
0.200 21497 41.82296 262 0.509728 752 1.463035 
0.225 20241 39.37938 603 1.173152 925 1.799611 
0.250 19099 37.15759 201 0.391051 1119 2.177043 
0.275 18233 35.47276 566 1.101167 1503 2.924125 
0.300 12244 23.82101 3245 6.31323 1815 3.531128 
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TABLE IX 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate tt22 
Alpha= 15 deg. 
Sigma= 518 psi 
Crack Length= 2.281 in. 
Z(io)_ K1 ~1lSigma K2 K2/Sigma Ka ~3/Sigma 
0.000 6634 12.80695 436 0.841699 0 0 
0.025 6623 12.78571 340 0.656371 242 0.467181 
0.050 6630 12.79923 166 0.320463 244 0.471042 
0.075 6652 12.8417 268 0.517375 257 0.496139 
0.100 6690 12.91506 465 0.897683 246 0.474903 
0.125 6705 12.94402 642 1.239382 162 0.312741 
0.150 6763 13.05598 3 0.005792 164 0.316602 
0.175 6899 13.31853 404 0.779923 159 0.30695 
0.200 7101 13.70849 60 0.11583 161 0.310811 
0.225 8071 15.58108 319 0.61583 191 0.368726 
0.250 7005 13.52317 721 1.391892 10 0.019305 
0.275 6235 12.03668 1154 2.227799 141 0.272201 
0.300 4463 8.61583 3154 6.088803 374 0.722008 
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TABLEX 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #2.2 
Alpha= 15 deg. 
Sigma= 518 psi 
Crack Length= 2.594 in . 
Z(in). K1 K1lSigma . K2 . K2/Sigma Ka K3lSigma 
0.000 9894 19.10039 832 1.606178 0 0 
0.025 9885 19.08301 602 1.162162 234 0.451737 
0.050 9899 19.11004 600 1.158301 238 0.459459 
0.075 9929 19.16795 740 1.428571 220 0.42471 
0.100 9966 19.23938 857 1.65444 169 0.326255 
0.125 10009 19.32239 706 1.362934 120 0.23166 
0.150 10100 19.49807 557 1.07529 119 0.22973 I 
0.175 10275 19.83591 812 1.567568 78 0.150579 
0.200 10507 20.28378 590 1.138996 38 0.073359 
0.225 11996 23.1583 315 0.608108 40 o.on22 
0.250 10351 19.98263 582 1.123552 186 0.359073 
0.275 9363 18.07529 1388 2.679537 488 0.942085 
0.300 6829 13.1834 4826 9.316602 619 1.194981 
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TABLE XI 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #17 
Alpha= 20 deg. 
Sigma= 4000 psi 
Crack Length= 2.309 in. 
Z£in) K1 KllSigma K2 K2/Sigma Ka K3/Sigma 
0.000 36654 9.1635 290 0.0725 0 0.0000 · 
0.025 36622 9.1555 203 0.05075 1335 0.3338 
0.050 36710 9.1775 759 0.18975 1292 0.3230 
0.075 36841 9.2103 413 0.10325 1208 0.3020 
0.100 37059 9.2648 729 0.18225 1140 0.2850 
0.125 37333 9.3333 198 0.0495 1029 0.2573 
0.150 37700 9.4250 196 0.049 784 0.1960 
0.175 38230 9.5575 1 0.00025 600 0.1500 
0.200 39160 9.7900 14 0.0035 338 0.0845 
0.225 40329 10.0823 1207 0.30175 17 0.0043 
0.250 48232 12.0580 7043 1.76075 111 0.0278 
0.275 44668 11.1670 12522 3.1305 1504 0.3760 
0.300 20943 5.2358 16502 4.1255 4196 1.0490 
109 
TABLE XII 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate#17 
{Assurring a Straight Crack Front) 
Alpha= 20 deg. 
Sigma= 4000 psi 
Crack Length= 2.309 in. 
ZUal K1 ~1lSigrm .12 K2/Sigrm Ka K3lSigrm 
0.000 37395 9.3488 5940 1.485 0 0.0000 
0.025 37404 9.3510 5934 1.4835 40 0.0100 
0.050 37430 9.3575 5919 1.47975 82 0.0205 
0.075 37475 9.3688 5892 1.473 130 0.0325 
0.100 37543 9.3858 5852 1.463 188 0.0470 
0.125 37640 9.4100 5799 1.44975 260 0.0650 
0.150 37776 9.4440 5730 1.4325 352 0.0880 
0.175 37969 9.4923 5644 1.411 474 0.1185 
0.200 38248 9.5620 5540 1.385 641 0.1603 
0.225 38691 9.6728 5408 1.352 860 0.2150 
0.250 39358 9.8395 5311 1.32775 1192 0.2980 
0.275 40837 10.2093 4946 1.2365 1244 0.3110 
0.300 39952 9.9880 4205 1.05125 1412 0.3530 
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TABLE XIII 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #17 
Alpha= 20 deg. 
Sigma= 519 psi 
Crack Length= 2.625 in. 
Z(in). K1 K1lSigma K2 K21Sigma K3. K31Sigma· 
0.000 9651 18.5954 744 1.433526 0 0.0000 
0.025 9622 18.5395 697 1.342967 481 0.9268 
0.050 9630 18.5549 399 0.768786 453 0.8728 
0.075 9666 18.6243 345 0.66474 465 0.8960 
0.100 9712 18.7129 523 1.007707 433 0.8343 
0.125 9770 18.8247 368 0.709056 385 0.7418 
0.150 9877 19.0308 231 0.445087 383 0.7380 
0.175 10072 19.4066 479 0.922929 362 0.6975 
0.200 10205 19.6628 618 1.190751 245 0.4721 
0.225 11413 21.9904 584 1.125241 228 0.4393 
0.250 10455 20.1445 2240 4.315992 31 0.0597 
0.275 11318 21.8073 3623 6.980732 135 0.2601 
0.300 4816 9.2794 2933 5.651252 740 1.4258 
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TABLE XIV 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #17 
Alpha= 20 deg. 
Sigma= 519 psi 
Crack Length= 2.813 in. 
Z!iDl K1 li:llSigma K2 K2/Sigma K3. K3lSigma 
0.000 12516 24.1156 970 1.868979 0 0.0000 
0.025 12508 24.1002 685 1.319846 299 0.5761 
0.050 12533 24.1484 812 1.564547 282 0.5434 
0.075 12567 24.2139 806 1.552987 230 0.4432 
0.100 12621 24.3179 790 1.522158 193 0.3719 
0.125 12697 24.4644 857 1.651252 132 0.2543 
0.150 12790 24.6435 633 1.219653 64 0.1233 
0.175 13070 25.1830 408 0.786127 70 0.1349 
0.200 13229 25.4894 1158 2.231214 65 0.1252 
0.225 14998 28.8979 564 1.086705 119 0.2293 
0.250 12456 24.0000 849 1.635838 288 0.5549 
0.275 13827 26.6416 5373 10.3526 950 1.8304 
0.300 6726 12.9595 3578 6.894027 918 1.7688 
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TABLE>W 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #23 
Alpha= 25 deg. 
Sigma= 519 psi 
Crack Length= 2.938 in. 
Z!in). K1 K1lSigma K2 K2/Sigma Ka K3/Sigma 
0.000 13748 26.4894 322 0.620424 0 0.0000 
0.025 13763 26.5183 372 0.716763 13 0.0250 
0.050 13817 26.6224 740 1.425819 65 0.1252 
0.075 13879 26.7418 832 1.603083 222 0.4277 
0.100 14014 27.0019 16 0.030829 256 0.4933 
0.125 14489 27.9171 398 0.766859 210 0.4046 
0.150 14428 27.7996 766 1.475915 354 0.6821 
0.175 15217 29.3198. 160 0.308285 441 0.8497 
0.200 15549 29.9595 133 0.256262 403 o.n65 
0.225 16871 32.5067 628 1.210019 514 0.9904 
0.250 14279 27.5125 2070 3.988439 882 1.6994 
0.275 10713 20.6416 4481 8.633911 1005 1.9364 
0.300 4937 9.5125 5634 10.85549 1539 2.9653 
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TABLE XVI 
SfRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #23 
Alpha= 25 deg. 
Sigma= 519 psi 
Crack Length= 3.031 in. 
ZOnl K1 ts:llSigma K2 K2/Sigma Ka K3/Sigma 
0.000 14435 27.8131 1304 2.512524 0 0.0000 
0.025 14412 27.7688 449 0.865125 515 0.9923 
0.050 14443 27.8285 707 1.362235 507 0.9769 
0.075 14482 27.9037 268 0.516378 544 1.0482 
0.100 14556 28.0462 1482 2.855491 . 441 0.8497 
0.125 14666 28.2582 281 0.541426 437 0.8420 
0.150 14761 28.4412 2016 3.884393 316 0.6089 
0.175 14978 28.8593 80 0.154143 349 0.6724 
0.200 15259 29.4008 1193 2.298651 435 0.8382 
0.225 16627 32.0366 76 0.146435 335 0.6455 
0.250 I 16159 31.1349 4419 8.514451 140 0.2697 
0.275 9453 18.2139 3268 6.296724 273 0.5260 
0.300 8303 15.9981 7480 14.41233 822 1.5838 
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TABLE XVII 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #24 
Alpha= 30 deg. 
Sigma= 519.21 psi 
Crack Length= 2.750 in. 
Z!inl K1 ~1lSigma K2 . K2/Sigma K3 li3/Sigma 
0.000 8090 15.58136 520 1.001522 0 0 
0.025 8086 15.57366 343 0.660619 204 0.392905 
0.050 8099 15.5987 526 1.013078 186 0.358237 
0.075 8117 15.63337 429 0.826255 153 0.294678 
0.100 8143 15.68344 487 0.937963 125 0.24075 
0.125 8188 15.77011 360 0.693361 102 0.196452 
0.150 8249 15.8876 454 0.874405 71 0.136746 
0.175 8358 16.09753 311 0.598987 38 0.073188 
0.200 8503 16.3768 206 0.396757 14 0.026964 
0.225 9303 17.91761 464 0.893665 106 0.204156 
0.250 9599 18.4877 1737 3.345467 170 0.327421 
0.275 7416 14.28324 3178 6.120837 49 0.094374 
0.300 4480 . 8.628493 5328 10.26174 287 0.552763 
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TABLE XVIII 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #24 
(Assuning a Straight Crack Front) 
Alpha= 30 deg. 
Sigma= 519.21 psi 
Crack Length= 2.750 in. 
ZOo). K1 K:llSigma K2 K2/Sigma .Ka K3/Sigma 
0.000 7788 14.99971 1749 3.368579 0 0 
0.025 7790 15.00356 1748 3.366653 0 0 
0.050 7795 15.01319 1746 3.362801 0 0 
0.075 7803 15.0286 1743 3.357023 1 0.001926 
0.100 7815 15.05171 1738 3.347393 3 0.005778 
0.125 7833 15.08638 1731 3.333911 8 0.015408 
0.150 7858 15.13453 1722 3.316577 16 0.030816 
0.175 7896 15.20772 1712 3.297317 28 0.053928 
0.200 7950 15.31172 1700 3.274205 47 0.090522 
0.225 8037 15.47929 1687 3.249167 70 0.13482 
0.250 8168 15.73159 1688 3.251093 111 0.213786 
0.275 8447 16.26895 1668 3.212573 58 0.111708 
0.300 8241 15.87219 1546 2.977601 41 0.078966 
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TABLE XIX 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #24 
Alpha= 30 deg. 
Sigma= 519.21 psi 
Crack Length= 3.250 in. 
ZOnl K1 ~l/Sigma K2 K2/Sigma Ka ~3/Sigma 
0.000 16420 31.62497 2953 5.687487 0 0 
0.025 16348 31.4863 2049 3.94638 579 1.115156 
0.050 16424 31.63267 2623 5.051906 568 1.09397 
0.075 16468 31.71742 2789 5.371622 414 0.797365 
0.100 16476 31.73282 2604 5.015312 276 o.5315n 
0.1·25 16515 31.80794 2129 4.10046 191 0.367867 
0.150 16650 32.06795 1858 3.578514 129 0.248454 
0.175 16777 32.31255 1537 2.960267 13 0.025038 
0.200 17342 33.40074 37 0.071262 59 0.113634 
0.225 19672 37.88833 522 1.005374 242 0.466093 
0.250 19009 36.61139 2953 5.687487 166 0.319716 
0.275 17433 33.57601 6620 12.75014 14 0.026964 
0.300 5547 10.68354 8621 16.60407 1001 1.927929 
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TABLE XX 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #26 
Alpha= 35 deg. 
Sigma= 515.73 psi 
Crack Length= 2.594 in. 
Z(in). K1 KllSigma .12 K2/Sigma K3. K3/Sigma 
0.000 6318 12.2506 558 1.081961 0 0 
0.025 6280 12.17691 656 1.271983 489 0.948171 
0.050 6390 12.3902 363 0.703857 468 0.907452 
0.075 6307 12.22927 279 0.540981 457 0.886123 
0.100 6352 12.31652 283 0.548737 454 0.880306 
0.125 6354 12.3204 433 0.839587 395 0.765905 
0.150 6524 12.65003 193 0.374227 406 0.787234 
0.175 7160 13.88323 334 0.647626 506 0.981134 
0.200 7367 14.28461 1312 2.543967 525 1.017975 
0.225 6882 13.34419 1817 3.523161 422 0.818258 
0.250 5058 9.807457 1888 3.66083 205 0.397495 
0.275 5515 10.69358 3862 7.488414 114 0.221046 
0.300 2290 4.440308 2754 5.340003 507 0.983073 
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TABLEXXI 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #26 
Alpha= 35 deg. 
Sigma= 515.73 psi 
Crack Length= 3.063 in. 
Z(io} K1 lillSigma K2 K2/Sigma Ka li3/Sigma 
0.000 10661 20.67167 1253 2.429566 0 0 
0.025 10662 20.67361 1042 2.020437 256 0.496384 
0.050 10709 20.76474 1525 2.956974 167 0.323813 
0.075 10746 20.83648 1125 2.181374 70 0.13573 
0.100 10823 20.98579 1291 2.503248 16 0.031024 
0.125 10950 21.23204 779 1.51048 76 0.147364 
0.150 11353 22.01346 793 1.537626 108 0.209412 
0.175 11568 22.43034 385 0.746515 171 0.331569 
0.200 12800 24.81919 574 1.112985 65 0.126035 
0.225 12342 23.93113 2376 4.607062 267 0.517713 
0.250 7784 15.09317 1715 3.325383 530 1.02767 
0.275 10442 20.24703 6303 12.22151 221 0.428519 
0.300 2013 3.903205 4330 8.395866 917 1.778062 
119 
TABLEXXII 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #27 
Alpha= 40 deg. 
Sigma= 516.26 . psi 
Crack Length= 3 .. 125 in. 
Z(in} K1 K:I/Sigma K2 K21Sigma K3. K31Sigma 
0.000 9766 18.91682 580 1.123465 0 0 
0.025 9943 19.25968 390 .0.755433 246 0.476504 
0.050 9826 19.03305 744 1.441134 199 0.385465 
0.075 10224 19.80397 539 1.044048 180 0.348662 
0.100 10006 19.38171 1095 2.121024 34 0.065858 
0.125 9837 19.05435 490 0.949134 84 0.162709 
0.150 10021 19.41076 157 0.30411 39 0.075543 
0.175 9101 17.62871. 973 1.884709 205 0.397087 
0.200 10060 19.48631 1329 2.574284 72 0.139465 
0.225 10316 19.98218 3154 6.109325 149 0.288614 
0.250 7659 14.83555 3289 6.370821 249 0.482315 
0.275 6897 13.35955 5557 10.76396 211 0.408709 
0.300 1890 3.660946 3741 7.246349 740 1.433386 
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TABLEXXIII 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #27 
(Assurring a Straight Crack Front) 
Alpha= 40 deg. 
Sigma= 516.26 psi 
Crack Length= 3.125 in. 
Z(in). K1 K1/Sjgma K2 K21Sigma Ka ~3/Sigma 
. 0.000 7113 13.m94 2224 4.307907 0 0 
0.025 7115 13.78182 2223 4.30597 9 0.017433 
0.050 7119 13.78956 2222 4.304033 19 0.036803 
0.075 7127 13.80506 2220 4.300159 28 0.054236 
0.100 7139 13.8283 2218 4.296285 36 0.069732 
0.125 7157 13.86317 2215 4.290474 43 0.083291 
0.150 7181 13.90966 2210 4.280789 49 0.094913 
0.175 7216 13.97745 2205 4.271104 52 0.100724 
0.200 7268 14.07818 2200 4.261419 53 0.102661 
0.225 7350 14.23701 2192 4.245923 55 0.106535 
0.250 7472 14.47333 2191 4.243986 50 0.09685 
0.275 7751 15.01375 2150 4.164568 101 0.195638 
0.300 7601 14.7232 2232 4.323403 257 0.497811 
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TABLEXXIV 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #2.7 
Alpha= 40 deg. 
Sigma= 516.26 psi 
Crack Length= 3.347 in. 
ZCinl K1 ~llSigma . K2 1<21Sigma K3 K3lSigma 
0.000 19623 38.00992 1428 . 2.766048 0 0 
0.025 19990 38.7208 · 1051 2.03579~ 368 0.712819 
0.050 1·9775 38.30434 1748 3.385891 143 0.276992 
0.075 20611 39.92368 1338 2.591717 58 0.112346 
0.100 20229 39.18374 2456 4.757293. 531 1.028552 
0.125 19999 38.73823 803 1.555418 .932 1.805292 
0.150 20540 39.78615 135 0.261496 904 1.751056 
0.175 18874 36.5591 1985 3.844962 1200. 2.32441 
0.200 21078 40.82826 2922 5.659939 864 1.673575 
0.225 21937 42.49216 7371 14.27769 962 1.863402 
0.250 16801 32.54368 8435 16.33867 1201 2.326347 
0.275 15930 30.85655 15631 30.27738 840 1.627087 
0.300 4957 9.601751 7156 13.86123 1328 2.572347 
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TABLE~ 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #28 
(12 Bement Layers) 
Beta= 20 deg. 
Alpha= 0 deg. 
Sigma= 258.4 psi 
Crack Length= 2.344 in. 
ZOnl K1 ~:llSigma K2 K21Sigma Ka ~3lSigma 
0.000 3 0.01161 274 1.060372 86 0.332817 
0.050 225 0.870743 22 0.085139 402 1.555728 
0.100 916 3.544892 128 0.495356 523 2.023994 
0.150 2310 8.939628 378 1.462848 1257 4.864551 
0.200 2841 10.99458 644 2.49226 1441 5.576625 
0.250 3112 12.04334 725 2.805728 1561 6.041022 
0.300 3092 11.96594 831 3.215944 1512 5.851393 
0.350 3215 12.44195 822 3.181115 1572 6.083591 
0.400 3165 . 12.24845 853 3.301084 1492 5.773994 
0.450 3245 12.55805 920 3.560372 1469 5.684985 
0.500 3367 13.03019 849 3.285604 1479 5.723684 
0.550 3928 15.20124 1524 5.897833 1677 6.489938 
0.600 1902 7.360681 1191 4.609133 491 1.900155 
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TABLEXXVI 
STRESS INTENSITY FACTORS VERSUS PLATE DEPTH 
Plate #'28 
(22 Bement Layers) 
Beta= 20 deg. 
Alpha= 0 deg. 
Sigma= 258.4 psi 
Crack Length= 2.344 in. 
ZOnl K1 ~llSigma K2 K2/Sigma Ka K3/Sigma 
0.000 1262 4;883901 1124 4.349845 181 0.700464 
0.050 2404 9.303406 122 0.472136 1632 6.315789 
0.100 2679 10.36765 498 1.927245 1404 5.433437 
0.125 3313 12.82121 660 2.55418 1791 6.931115 
o.15o 3029 11.72214 642 2.48452 1575 6.095201 
0.175 3131 12.11687 696 2.693498 1605 6.2113 
0.200 3038 11.75697 823 3.184985 1518 5.874613 
0.225 3037 11.7531 588 2.275542 1544 5.975232 
0.250 3323 12.85991 831 3.215944 1650 6.385449 
0.275 3172 12.27554 802 3.103715 1550 5.998452 
0.300 3214 12.43808 862 3.335913 1550 5.998452. 
0.325 3469 13.42492 914 3.537152 1689 6.536378 
0.350 3340 12.9257 849 3.285604 1598 6.184211 
0.375 3346 12.94892 895 3.463622 1564 6.052632 
0.400 3362 13.01084 913 3.533282 1549 5.994582 
0.425 3394 13.13467 894 3.459752 1540 5.959752 
0.450 3442 13.32043 955 3.69582 1509 5.839783 
0.475 3515 13.60294 1020 3.947368 1504 5.820433 
0.500 3611 13.97446 885 3.424923 1534 5.936533 
0.525 3844 14.87616 1020 3.947368 1515 5.863003 
0.550 4179 16.1726 1240 4.798762 1522 5.890093 
0.575 4788 18.52941 1873 7.248452 1412 5.464396 
0.600 3065 11.86146 1479 5.723684 401 1.551858 
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APPENDIX C--PLOTS OF PLATE 
STRESS INTENSITY FACTORS 
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11 I NORMALIZED SIPS VS. DEPTH OF PIATE I 11 I ,1 I NORMALIZED SIF'S vs. DEPTH OF PlATE I 11 ,AI_P!-!A=ODEG /CRACKLENGTH=26251N, , ,ALPHA=ODEG./CRACKLENGTH=2.8501N. 
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Figure 63. Normalized SIF's vs. Plate Depth for Alpha=O Degrees 
Figure 64. Normalized SIF's vs. Plate Depth for Alpha=5 Degrees 
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Figure 65. Normalized SIF's vs. Plate Depth for Alpha=IO Degrees 
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;;; 
Figure 66. Normalized SIF's vs. Plate Depth for Alpha=l5 Degrees 
~MAI.I.ZED SIF'S vs. DEPTH OF PlATE I 
= 20 DEG. I CRACK LENGTH= 2.825 IN. 
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Figure 67. Normalized SIF's vs. Plate Depth for Alpha=20 Degrees 
I NORMALIZEO SIF'S vs. DEPTH OF PlATE I 
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I NORMAi.i.ZED SIF'S vs. DEPTH OF Pl.ATE I 
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Figure 68. Normalized SIF's vs. Plate Depth for Alpha=25 Degrees 
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' 
NORMALIZED SIF'S VS. DEPTH OF PLATE 
ALPHA= 30 .DEG. / CRACK LENGTH = 3.250 IN. 
30 
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Figure 69. Normalized SIF's vs. Plate Depth for Alpha=30 Degrees 
NORMALIZED SIF'S VS. DEPTH OF PLATE 
ALPHA= 35 DEG. / CRACK LENGTH = 2.594 IN. 
NORMALIZED SIPSVS. DEPTH OF PLATE 
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Figure 70. Normalized SIF's vs. Plate Depth for Alpha=35 Degrees 
NORMAUZED stF'S VS. DEPTH OF PLATE 
ALPHA= 40 DEG. / CRACK LENGTH = 3.347 IN. 
in : . 
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Figure 71. Normalized SIF's vs. Plate Depth for Alpha=40 Degrees 
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APPENDIX D--PROGRAMS FOR USE WITH ANSYS 
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This Macro written by - Michael Magill, OSU 
8/4/94 
MACRO CURVECRK TO CONVERT 2-D SOLID ELEMENTS TO 3-D SOLID ELEMENTS AT 
A CRACK TIP AND MAKE A CURVED CRACK FRONT. nns MACRO MUST BE RUN 
INIPREP7!! 
NOTE: 
IT IS EXPECTED TifAT TIIE USER READ AND UNDERSTAND TIIE 
FUNCTIONALI1Y OF nns MACRO TO AVOID UNDESIRED RESULTS. 
TIIlS MACRO IS ESPECIALLY FOR EXTRUDING CRACK TIP ELEMENTS INTO 











* ELEMENT TYPE TO BE CONVERTED. 
* NEW STIFFNESS NUMBER. 
* 0 -4 NODE ELEMENT TYPE BEING CONVERTED. 
* l - 6 NODE TRIANGULAR ELEMENT TYPE 
* (STIF 2,35,ETC.) BEING CONVERTED. 
* GWBAL X-COORD. OF CRACK TIP 
* GLOBAL Y-COORD. OF CRACK TIP 
* TIIE X, Y LOCATION OF THE CRACK TIP IS TIIE 
* LOCATION ON TIIE 2-D ELEMENTS.) 
N_POINTS=l3 * NUMBER OF POINTS AWNG CRACK FRONT 
ALPHA=5 * ALPHA ANGLE OF CRACK OPENING 
QPRAD=.0025 * RADIUS TO TIIE QUARTER-POINT NODES FROM CRACK TIP 
*DIM,CRK_PNT,,N_POINTS,3 * DEFINES CRK_PNT ARRAY - DO NOT CHANGE!! 
* COORDINATES OF POINTS AWNG CRACK FRONT INCLUDING STARTING POINT 
* USE TIIE LOCAL COORDINATE SYSTEMTifAT HAS ITS ORIGIN AT 
* (X_ CRK., Y _ CRK.) 
* VERY IMPORTANT TIIE CRK_PNT VALUES MUST BE ENTERED BASED ON THE 
* ALPHA ANGLE BEING ZERO!! 1HEREFORE MEASURE CRACK FRONT POINTS WlTII 
* TIIE SIDE GROOVE ON TIIE HORIZONTAL!! 
CRK_PNT(l,l)=O SCRK_PNT(l,2)=0 CRK_PNT(l,3)=0 
CRK._PNT(2,l)=O.OOO $CRK_PNT(2,2)=0.000 $CRK_PNT(2,3)=0.025 






CRK _PNT(8, l )=0.002 
CRK _ PNT(9, l)=0.004 
CRK_PNT(lO,l)=0.008 
CRK_PNT(ll,l)=0.020 
CRK _PNT(l2, l)=0.025 












$CRK _ PNT(5,3)=0.100 
$CRK _ PNT(6,3)=0.125 
$CRK_PNT(7,3)=0.150 
$CRK _PNT(8,3)==0. l 75 
$CRK _ PNT(9,3)=0.200 
SCRK_PNT(I0,3)=0.225 
SCRK _PNT(l l,3)=0.250 
$CRK_PNT(l2,3)=0.275 
$CRK _ PNT(l3,3)=0.300 
****************************************************************** 
END OF INPUT 
****************************************************************** 
REMARKS: 
TIIE CURRENT ELEMENT MATERIAL, REAL, AND ESYS ARE MAINTAINED. 
IF TIIE ORIGINAL ELEMENT IS A MIDSIDE NODE ELEMENT, A 3-D MIDSIDE 
NODE ELEMENT CAN BE CREATED. IF TIIE ORIGINAL ELEMENT IS MIDSIDE 
NODE ELEMENT, A 3-D REGULAR ELEMENT CAN BE CREATED AS WELL. 
NUMCMP ,ELEM 
NUMCMP,NODE 




/COM NODE GENERATION NOT PERFORMED 







* DETACH SOLID MODEL 
* SELECT ELEMENTS OF SPECIFIED TYPE 
***************************************************************** 
TIIIS IS WHERE THE CURVED CRACK FRONT IS DEFINED. 
***************************************************************** 
LOCAL,20,0,X_ CRK, Y _ CRK,O,ALPHA,0,0,l 














ET,EL_ TYPE,NEW _STF 
TYPE,EL_ TYPE 
IEL=l 
* GET MAX. ELEMENT NUMBER OF SELECTED SET 
* REDEFINE ELEMENT TYPE 






































* GET ELEMENT TYPE FOR nns ELEMENT 
*CHECK TYPE 
* GET MAT, REAL, AND ESYS 
* GET CORNER NODES OF ELEMENT 
* TRIANGULAR ELEMENT 
* CHANGES ELEMENT NODES FOR CRACK TIP 
* ADD SPECIFIED NODE INCREMENT 
* RESET MAT, REAL, AND ESYS 







* INCREMENT LOOP COUNTER 
* LOOP BACK OR EXIT 















* TIIlS SECTION GENERATES THE EXTRA LAYERS IF 
*REQUESTED 
* TIIlS SECTION CLEARS THE EXTRA NODES FROM THE 
* NGEN OPERATION 
****WARNING: ALL NODES NOT ATTACHED TO AN ELEMENT WILL BE DELETED 




MERGE NODES AT SAME WCATION 
***************************************************************** 
***************************************************************** 







































/COM CURVECRK CONVERSION COMPLETE. 
:END 
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This Macro written by - Michael Magill, OSU 
8/4/94 
MACRO CURVEOP TO MOVE MIDESIDE NODES TO TIIB QUARTER-POINT ON WEDGE 
ELEMENTS FOR A CRACK THAT IS CURVED (IE CREAIBD WITH CURVECRK) 
TIDS MACRO MUST BE RUN IN /PREP7! ! 
NOIB: 
IT IS EXPECIBD THAT TIIB USER READ AND UNDERSTAND TIIB 








* GWBAL X-COORD. OF CRACK TIP 
* GWBAL Y-COORD. OF CRACK TIP 
* 1HE X. Y WCATION OF TIIB CRACK TIP IS 1HE 
* WCATION ON THE 2-D ELEMENTS.) 
N POINTS=l3 * NUMBER OF POINTS ALONG CRACK FRONT 
ALPHA=5 * ALPHA ANGLE OF CRACK OPENING 
QPRAD=.0025 * RADIUS TO THE QUARTER-POINT NODES FROM CRACK TIP 
*DIM,CRK_PNT,,N_POINTS,3 * DEFINES CRK_PNT ARRAY -DO NOT CHANGE!! 
* COORDINAIBS OF POINTS ALONG CRACK FRONT INCLUDING STARTING POINT 


















$CRK _PNT( 4,2)=0.000 $CRK _PNT( 4,3)=0.075 
$CRK_PNT(5,2)=0.000 $CRK_PNT(5,3)=0.100 










END OF INPUT 
****************************************************************** 
REMARKS: 
THE CURRENT ELEMENT MATERIAL, REAL, AND ESYS ARE MAINTAINED. 
MODM,DETA * DETACH SOLID MODEL 
LOCAL,20,0,X_ CRK, Y _ CRK,O,ALPHA,0,0, I 
***************************************************************** 
CURVED CRACK FRONT DEFINED. 
***************************************************************** 




















This Macro written by - Michael Magill, OSU 
8/4/94 
MACRO CURVEBD TO FIND THE CUT BOUNDARY ON A CURVED CRACK FRONT. 
TIIlS MACRO MUST BE RUN IN /PREP?!! 
NOTE: 
IT IS EXPECTED 1HAT THE USER READ AND UNDERSTAND THE 
FUNCTIONALITY OF TIIlS MACRO TO AVOID UNDESIRED RESULTS. 
TIIlS MACRO IS ESPECIALLY FOR EXTRUDING CRACK TIP ELEMENTS INTO 











* ELEMENT TYPE TO BE CONVERTED. 
* NEW STIFFNESS NUMBER. 
* 0 - 4 NODE ELEMENT TYPE BEING CONVERTED. 
* 1 - 6 NODE TRIANGULAR ELEMENT TYPE 
* (STIF 2,35,ETC.) BEING CONVERTED. 
* GLOBAL X-COORD. OF CRACK TIP 
* GLOBAL Y-COORD. OF CRACK TIP 
* THE X,Y LOCATION OF THE CRACK TIP IS THE 
* LOCATION ON THE 2-D ELEMENTS.) 
SIDEGR=.5 * HEIGHT OF SIDE GROOVE 
RADIUSI=.060 * RADIUS AT OUTER BOUNDARY 
ANl=-170 * BEGINNING POINT FOR SWEEPING OUTER BOUNDARY 
AN2=170 * ENDING POINT FOR SWEEPING OUTER BOUNDARY 
N_POINTS=l3 * NUMBER OF POINTS ALONG CRACK FRONT 
ALPHA=5 * ALPHA ANGLE OF CRACK OPENING 
QPRAD=.0025 * RADIUS TO THE QUARTER-POINT NODES FROM CRACK TIP 
*DIM,CRK _ PNT,,N _ POINTS,3 * DEFINES CRK _PNT ARRAY - DO NOT CHANGE!! 
* COORDINATES OF POINTS ALONG CRACK FRONT INCLUDING STARTING POINT 
* USE THE LOCAL COORDINATE SYSTEM 1HAT HAS ITS ORlGIN AT 
* (X_CRK,Y_CRK) 
* VERY IMPORTANT THE CRK_PNT VALUES MUST BE ENTERED BASED ON THE 
* ALPHA ANGLE BEING ZERO!! THEREFORE MEASURE CRACK FRONT POINTS WITH 
* THE SIDE GROOVE ON THE HORIZONTAL!! 
137 
CRK_PNT(l,l)=O 
CRK _ PNT(2, 1)=0.000 
CRK_PNT(3, 1)=0.000 
CRK_PNT(4, 1)=0.000 














$CRK _PNT(6,2)=0.000 $CRK _PNT(6,3)=0.125 
$CRK_PNT(7,2)=0.000 $CRK_PNT(7,3)=0.150 







END OF INPUT 
****************************************************************** 



































































This Macro written by - Michael Magill, OSU 
8/4/94 
MACRO CURVEK TO CALCULATE STRESS INTENSITY FACTORS (KI, Kil, Kill) 
ALONG A CURVED CRACK FRONT (IE CREATED WITH CURVECRK) 
TIIlS MACRO MUST BE RUN IN /POSTI ! ! 
NOTE: 
IT IS EXPECTED THAT THE USER READ AND UNDERSTAND THE 







Y _ CRK=I0.5817 
* GLOBAL X-COORD. OF CRACK TIP 
* GWBAL Y-COORD. OF CRACK TIP 
* THE X,Y LOCATION OF THE CRACK TIP IS THE 
* WCATION ON THE 2-D ELEMENTS.) 
N_POINTS=l3 * NUMBER OF POINTS ALONG CRACK FRONT 
ALPHA=S * ALPHA ANGLE OF CRACK OPENING 
QPRAD=.0025 * RADIUS TO THE QUARTER-POINT NODES FROM CRACK TIP 
*DIM,CRK_PNT,,N_POINTS,3 * DEFINES CRK_PNT ARRAY -DO NOT CHANGE!! 
* COORDINATES OF POINTS ALONG CRACK FRONT INCLUDING STARTING POINT 






























END OF INPUT 
****************************************************************** 
REMARKS: 












FIND THE FIVE NODES FOR CALCULATING STRESS INTENSITY FACTORS 
AT CRK_PNT(l) 
***************************************************************** 


























































































WARPED CRACK FRONT IS DEFINED. 
***************************************************************** 



































































































This Macro written by - Michael Magill, OSU 
8/18/94 
MACRO WARPCRKR TO CONVERT 2-D SOLID ELEMENTS TO 3-D SOLID ELEMENTS AT 
A CRACK TIP AND MAKE A WARPED CRACK FRONT WITH TWO POSSIBLE ROTATIONS. 
nns MACRO MUST BE RUN IN /PREP7! ! 
NOTE: 
IT IS EXPECTED THAT THE USER READ AND UNDERSTAND THE 
FUNCTIONALITY OF nns MACRO TO AVOID UNDESIRED RESULTS. 
nns MACRO IS ESPECIALL y FOR EXTRUDING CRACK TIP ELEMENTS INTO 











* ELEMENT TYPE TO BE CONVERTED. 
* NEW STIFFNESS NUMBER 
* 0 - 4 NODE ELEMENT TYPE BEING CONVERTED. 
* 1 - 6 NODE TRIANGULAR ELEMENT TYPE 
* (STIF 2,35,ETC.) BEING CONVERTED. 
* GLOBAL X-COORD; OF CRACK TIP 
* GLOBAL Y-COORD. OF CRACK TIP 
* THE X, Y LOCATION OF THE CRACK TIP IS THE 
* LOCATION ON THE 2-D ELEMENTS.) 
N POINTS=l3 * NUMBER OF POINTS ALONG CRACK FRONT 
ALPHA=l5 * ALPHA ANGLE OF CRACK OPENING 
QPRAD=.0025 * RADIUS TO THE QUARTER-POINT NODES FROM CRACK TIP 
*DIM,CRK_PNT,,N_POINTS,3 * DEFINES CRK_PNT ARRAY -DO NOT CHANGE!! 
* COORDINATES OF POINTS ALONG CRACK FRONT INCLUDING STARTING POINT 
* USE THE LOCAL COORDINATE SYSTEM THAT HAS ITS ORIGIN AT 
* (X_CRK,Y_CRK) 
* VERY IMPORTANT THE CRK_PNT VALUES MUST BE ENTERED BASED ON THE 
* ALPHA ANGLE BEING ZERO!! THEREFORE MEASURE CRACK FRONT POINTS WITH 











CRK _PNT(7, 1)=0.000 
CRK _PNT(S,1)=0.000 
CRK _ PNT(9, l)=0.000 
CRK _PNT(lO, 1)=0.000 
CRK_PNT(ll,1)=0.010 
















$CRK _PNT(8,3)=0. l 75. 
$CRK_PNT(9,3)=0.200 
$CRK_PNT{l0,3)=0.225 





END OF INPUT 
****************************************************************** 
REMARKS: 
TIIE CURRENT ELEMENT MATERIAL, REAL, AND ESYS ARE MAINTAINED. 
IF TIIE ORIGINAL ELEMENT IS A MIDSIDE NODE ELEMENT, A 3-D MIDSIDE 
NODE ELEMENT CAN BE CREATED. IF TIIE ORIGINAL ELEMENT IS MIDSIDE 
NODE ELEMENT, A 3-D REGULAR ELEMENT CAN BE CREATED AS WELL. 
NUMCMP,ELEM 
NUMCMP,NODE 




/COM NODE GENERATION NOT PERFORMED 




MODM,DETA * DETACH SOLID MODEL 
ESEL,TYPE,EL_ TYPE * SELECT ELEMENTS OF SPECIFIED TYPE 
NSLE 
***************************************************************** 
THIS IS WHERE TIIE WARPED CRACK FRONT IS DEFINED. 
**********************************************************·******* 
LOCAL,20,0,X_ CRK, Y _ CRK,O,ALPHA,0,0, 1 
*00,I,2,N _POINTS 









*END IF _ 
B=CRK_PNT(l,3)-M*CRK_PNT(l,2) 
YO=-(B/M) 































NSEL,S,NODE,, 10000*(1-l), 10000*(1-1)+9999, 1 





















* GET MAX. ELEMENT NUMBER OF SELECTED SET 
* REDEFINE ELEMENT TYPE 






































* GET ELEMENT TYPE FOR nns ELEMENT 
*CHECK TYPE 
* GET MAT, REAL, AND ESYS 
*GETCORNERNODESOFELEMENT 
* TRIANGULAR ELEMENT 
* CHANGES ELEMENT NODES FOR CRACK TIP 
* ADD SPECIFIED NODE INCREMENT 
* RESET MAT, REAL, AND ESYS 






* INCREMENT LOOP COUNTER 
* LOOP BACK OR EXIT 
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* nns SECTION GENERATES THE EXTRA LAYERS IF 




* TIIlS SECTION CLEARS THE EXTRA NODES FROM THE 
* NGEN OPERATION· 





























Y2=(CRK _ PNT(I+ 1,2)-CRK _ PNT(l-1~2))**2 








Z2=(CRK_PNT(l.3)-CRK _ PNT(I-1,3))**2 
DEL TAL=(X2+Y2+Z2)**(.5) 




































/COM WARPCRKR CONVERSION COMPLETE. 
:END 
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This Macro written by - Michael Magill, OSU 
8/18/94 
MACRO WARPOPR TO MOVE,MIDESIDE NODES TO THE QUARTER-POINT ON WEDGE 
ELEMENTS FOR A CRACK THAT IS WARPED WITH TWO ROTATIONS (IE CREATED 
WITH W ARPCRKR) 
THIS MACRO MUST BE RUN IN /PREP7! ! -
NOTE: 
IT IS EXPECTED THAT THE USER READ AND UNDERSTAND THE 








* GLOBAL X-COORD. OF CRACK TIP 
* GLOBAL Y-COORD. OF CRACK TIP 
* THE X, Y LOCATION OF THE CRACK TIP IS THE 
* LOCATION ON THE 2-D ELEMENTS.) 
N_POINTS=l3 * NUMBER OF POINTS ALONG CRACK FRONT 
ALPHA=l5 * ALPHA ANGLE OF CRACK OPENING 
QPRAD=.0025 * RADIUS TO THE QUARTER-POINT NODES FROM CRACK TIP 
*DIM,CRK_PNT,,N_POINTS,3 * DEFINES CRK_PNT ARRAY -DO NOT CHANGE!! 
* COORDINATES OF POINTS ALONG CRACK FRONT INCLUDING STARTING POINT 


















$CRK_PNT( 4,2)=0.003 $CRK _PNT( 4,3)=0.075 
$CRK_PNT(5,2)=0.005 $CRK_PNT(5,3)=0. l00 










END OF INPUT 
****************************************************************** 
REMARKS: 
THE CURRENT ELEMENT MATERIAL, REAL, AND ESYS ARE MAINTAINED. 
MODM,DETA * DETACH SOLID MODEL 
***************************************************************** 
MID-SIDE NODES AT CRK_PNT(l) MOVED 
***************************************************************** 
















WARPED CRACK FRONT DEFINED. 
***************************************************************** 
*DO,I,2,N _POINTS 
*IF,I,EQ,N _ POINTS, THEN 
M=-(CRK._PNT(I,2)-CRK_PNT(I-1,2))/(CRK_PNT(I,3)-CRK._PNT(I-l,3)) 
*END IF 














































This Macro written by - Michael Magill, OSU 
8/18/94 
MACRO WARPBDR TO FIND TIIE CUT BOUNDARY ON AW ARPED CRACK FRONT WITH 
TWO POSSIBLE ROTATIONS. 
TIIlS MACRO MUST BE RUN IN /PREP7! ! 
~ NOTE: 
IT IS EXPECTED THAT TIIE USER READ AND UNDERSTAND TIIE 
FUNCTIONALITY OF TIIlS MACRO TO AVOID UNDESIRED RESULTS. 
THIS MACRO IS ESPECIALLY FOR EXTRUDING CRACK TIP ELEMENTS INTO 











* ELEMENT TYPE TO BE CONVERTED. 
* NEW STIFFNESS NUMBER 
* 0 - 4 NODE ELEMENT TYPE BEING CONVERTED. 
* 1 - 6 NODE 1RIANGULAR ELEMENT TYPE 
* (STIF 2,35,ETC.) BEING CONVERTED. 
~ * GLOBAL X-COORD. OF CRACK TIP 
* GLOBAL Y-COORD. OF CRACK TIP 
* TIIE X,Y LOCATION OF TIIE CRACK TIP IS TIIE 
* LOCATION ON TIIE 2-D ELEMENTS.) 
SGEND=-.010 * Z DISTANCE FOR SELECTING END NODES 
SIDEGR=.5 * HEIGHT OF SIDE GROOVE 
RADIUSl=.060 * RADIUS AT OUTER BOUNDARY 
ANl=-172 * BEGINNING POINT FOR SWEEPING OUTER BOUNDARY 
AN2=170 * ENDING POINT FOR SWEEPING OUTER BOUNDARY 
N_POINTS=l3 * NUMBER OF POINTS ALONG CRACK FRONT 
ALPHA=l5 * ALPHA ANGLE OF CRACK OPENING 
QPRAD=.0025 * RADIUS TO TIIE QUARTER-POINT NODES FROM CRACK TIP 
*DIM,CRK_PNT,,N_POINTS,3 *DEFINESCRK_PNT ARRAY-DONOTCHANGE!! 
* COORDINATES OF POINTS ALONG CRACK FRONT INCLUDING STARTING POINT 
* USE TIIE LOCAL COORDINATE SYSTEM THAT HAS ITS ORIGIN AT 
* (X_CRK,Y_CRK) 
* VERY IMPORTANT TIIE CRK_PNT VALUES MUST BE ENTERED BASED ON TIIE 
* ALPHA ANGLE BEING ZERO!! TIIEREFORE MEASURE CRACK FRONT POINTS WITH 
* TIIE SIDE GROOVE ON TIIE HORIZONTAL!! 
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$CRK _ PNT(2,2)=0.001 $CRK _ PNT(2,3)=0.025 
$CRK_PNT(3,2)=0.002 $CRK_PNT(3,3)=0.050 
$CRK_PNT(4,2)=0.003 $CRK_PNT(4,3)=0.075 
$CRK _ PNT(5,2)=0.005 $CRK _PNT(5,3)=0.100 




$CRK _PNT(l0,2)=0.037 SCRK _ PNT(I0,3)=0.225 
SCRK _PNT(l l,2)=0.052 SCRK _PNT(l l,3)=0.250 
$CRK _ PNT(l2,2)=0.072 $CRK _PNT(l2,3)=0.275 
$CRK _ PNT(l3,2)=0.098 $CRK _ PNT(l3,3)=0.300 
****************************************************************** 
END OF INPUT 
****************************************************************** 








































Y2=(CRK_PNT(I+ 1,2)-CRK _PNT(l-l,2))**2 
Z2=(CRK _PNT(I+ l,3)-CRK _PNT(l-1,3))**2 
DELTAL=(X2+Y2+Z2)**(.5) 










































































This Macro written by - Michael Magill, OSU 
8/18/94 
MACRO WARPKR TO CALCULATE STRESS INTENSITY FACTORS (KI, KII, KIil) 
ALONG AW ARPED CRACK FR.ONT WITII TWO ROTATIONS (IE CREATED WITII 
WARPCRKR) 
nns MACRO MUST BE RUN IN /POSTl!! 
NOTE: 
IT IS EXPECTED THAT THE USER READ AND UNDERSTAND THE 








* GWBAL X-COORD. OF CRACK TIP 
* GWBAL Y-COORD. OF CRACK TIP 
* THE X, Y WCATION OF THE CRACK TIP IS THE 
* LOCATION ON THE 2-D ELEMENTS.) 
N_POINTS=13 * NUMBER OF POINTS ALONG CRACK FRONT 
ALPHA=l5 * ALPHA ANGLE OF CRACK OPENING 
QPRAD=.0025 * RADIUS TO THE QUARTER-POINT NODES FROM CRACK TIP 
*DIM,CRK_PNT,,N_POINTS,3 * DEFINES CRK_PNT ARRAY -DO NOT CHANGE!! 
* COORDINATES OF POINTS ALONG CRACK FRONT INCLUDING STARTING POINT 













CRK _ PNT(l2, 1 )=0.024 
CRK_PNT(l3,l)=0.036 
$CRK_PNT(l,2)=0 $CRK_PNT(l,3)=0 
$CRK _PNT(2,2)=0.00 I $CRK _PNT(2,3)=0.025 
$CRK_PNT(3,2)=0.002 $CRK_PNT(3,3)=0.050 





$CRK_PNT(9,2)=0.027 . $CRK_PNT(9,3)=0.200 
SCRK_PNT(l0,2)=0.037 SCRK_PNT(I0,3)=0.225 
SCRK_PNT(l l,2)=0.052 SCRK_PNT(l l,3)=0.250 




END OF INPUT 
****************************************************************** 
REMARKS: 
THE CURRENT ELEMENT MATERIAL, REAL, AND·ESYS ARE MAINTAINED. 











FIND THE FIVE NODES FOR CALCULATING STRESS INTENSITY FACTORS 
AT CRK_PNT(l) 
***************************************************************** 














FIND WEDGE ELEMENTS AT CRACK TIP 
***************************************************************** 
NSEL,ALL 































































STRESS INTENSITY FACTORS CALCULATED 
***************************************************************** 
KCALC,O, 1,3,0 


























Y2=(CRK _ PNT(I+ 1,2)-CRK _PNT(l-l,2))**2 














































































































APPENDIX E--CRACK GROWTH RATE DATA 
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TABLEXXVII 
CRACK LENGTH VERSUS NUMBER OF CYCLES 
ALPHA= 0 DEGREES 
N A Calculated A Error 
(Cycles) (Inches) (Inches) (Inches) 
63014 2.059 2.0479685 0.011031521 
65274 -2.059 2.0671364 -0.00813641 
76617 2.091 2.0988992 -0.007899204 
79198 2.091 2.0984791 -0.007 479113 
82939 2.098 2.0967586 0.001241415 
92275 2.106 2.0974435 0.0085565447 
96296 2.107 2.1030118 0.003988245 
101008 2.116 2.1145481 0.0014518684 
105989 2.138 2.1323903 0.005609699 
108157 2.144 2.1417556 0.0022443501 
110249 2.15 2.1515753 -0.001575316 
111175 2.157 2.1561397 0.000860326 
112273 2.162 2.1617068 0.000293233 
113276 2.167 2.1669261 0.0000739155 
114221 2.172 2.171949 0.0000509614 
115308 2.178 2.1778395 0.0001604504 
116445 2.185 2.1841139 0.0008861213 
117213 2.192 2.1884085 0.0035914705 
118237 2.199 2.1941953 0.0048047201 
119257 2.204 2.2000173 0.0039827369 
120167 2.209 2.2052508 0.0037491726 
121331 2.213 2.2119868 0.0010131682 
122210 2.218 2.2170962 0.0009037654 
123210 2.223 2.2229245 0.0000754745 
124358 2.229 2.2296263 -0.000626315 
125790 2.234 2.2379881 -0.003988093 
126138 2.239 2.2400189 -0.001018863 
127546 2.244 2.2482249 -0.004224867 
128232 2.249 2.2522153 -0.003215279 
129209 2.254 2.2578884 -0.003888437 
130234 2.259 2.2638277 -0.004827713 
131132 2.264 2.2690217 -0.005021699 
132460 2.269 2.2766919 -0.007691899 
133197 2.275 2.2809468 -0.005946826 
134236 2.281 2.2869498 -0.005949751 
135234 2.287 2.2927292 -0.005729188 
136486 2.293 2.3000153 -0.007015323 
137428 2.299 2.3055385 -0.006538464 
138355 2.305 2.3110224 -0.006022403 
139173 2.311 2.3159133 -0.004913348 
140243 2.318 2.3224039 -0.004403923 
141374 2.325 2.329408 -0.004408019 
142166 2.333 2.3344201 -0.001420113 
143260 2.341 2.3415185 -0.000518536 
144241 2.349 2.3480872 0.0009127757 
166 
TABLE XXVII (Continued) 
CRACK LENGTH VERSUS NUMBER OF CYCLES 































































































































CRACK LENGTH VERSUS NUMBER OF CYCLES 
ALPHA= 20 DEGREES 
N A Calculated A Error 
(~les) {Inches) (Inches) (Inches} 
37099 2.272 2.2547076 0.01729244 
38674 2.275 2.2795022 -0.004502189 
39831 2.278 2.296424 -0.018423996 
41301 2.306 2.316651 -0.010650998 
42113 2.324 2.3273337 -0.003333653 
43344 2.345 2.3430299 0.0019700868 
44131 2.359 2.3528347 0.006165306 
45134 2.373 2.3651727 0.0078272573 
46202 2.386 2.3782354 0.0077646493 
47688 2.4 2.3965366 0.0034634061 
49206 2.411 2.415734 -0.004733994 
50121 2.434 2.4277153 0.0062846612 
51174 2.445 2.4420215 0.0029784627 
52133 2.453 2.4556394 -0.002639399 
53211 2.482 2.4717452 0.010254804 
54169 2.49 2.4868773 0.0031226532 
55153 2.496 2.5033317 -0.007331714 
56177 2.506 2.5215509 -0.015550908 
57329 2.521 2.5435331 -0.022533128 
58124 2.545 2.5597073 -0.014707303 
58838 2.563 2.5749866 -0.011986627 
59178 2.572 2.5825255 -0.010525485 
59744 2.585 2.5954675 -0.010467474 
60412 2.61 2.6113964 -0.001396403 
61142 2.639 2.6296521 0.0093479241 
61698 2.674 2.6441771 0.029822881 
62238 2.681 2.6588184 0.022181635 
62837 2.721 2.6756969 0.045303064 
63754 2.721 2.7028893 0.018110722 
64476 2.721 2.725501 -0.004501044 
65233 2.74 2.7503967 -0.010396709 
66033 2.77 2.7780815 -0.00808154 
66706 2.81 2.8025075 0.007 4925395 
67461 2.839 2.8311904 0.0078096191 
68331 2.855 2.8659832 -0.010983157 
68804 2.882 2.8857066 -0.003706641 
69542 2.895 2.9176513 -0.022651332 
70172 2.927 2.9460804 -0.019080426 
70755 2.972 2.9733659 -0.001365869 
71492 3.013 3.009239 0.0037610358 
72124 3.024 3.0412606 -0.017260598 
72787 3.061 3.0761356 -0.015135567 
73454 3.115 3.1125791 0.0024209347 



























DNDN. VERSUS DELTA K 
ALPHA= 0 & 20 DEGREES 
Delta K for Alpha = O degrees 
(jF2.188 in) (a=2.625 in) (a=2.850 in) 
17.533 31.518 45.235 
17.550 31.545 45.273 
17.605 31.640 45.403 
17.705 31.810 45.640 
17.892 32.135 46.095 
18.183 32.638 46.800 
19.195 34.425 49.350 
19.483 34.893 49.978 
20.920 37.388 53.480 
17.548 31.235 44.553 
19.883 35.350 50.320 
16.150 28.660 40.500 
.8.328. ~ 20.§00 
18.143 32.576 46.722 
DNDN 








Delta K for Alpha = 20 degrees 
(a---2.309 in) {a=2.625 in) (;F2.8125 in) 
18.327 38.604 50.064 
18.311 38.488 50.032 
18.355 38.520 50.132 
18.421 38.664 50.268 
18.530 38.848 50.480 
18.667 39.080 50.784 
18.850 39.508 51.160 
19.115 40.284 52.280 
19.580 40.820 52.916 
20.165 45.648 59.992 
24.116 41.820 49.824 
22.334 45.268 55.308 
10..4Z2 19.2M 2§.9.(M 
18.572 39.000 50.650 
APPENDIX F-FORTRAN PROGRAM TO CALCULATE 
CRACK GROWTH RATES 
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C***************************************************************** 










10 FORMAT{/A4, 9H SPECIMEN,5:X,2HB=,F6.3,5H IN. ,5:X,2HW=,F6.3,5H IN. 
,5:X,3HAN=,F6.3,5H IN. ) 
15 FORMAT(/,' SEVEN POINT INCREMENT AL POLYNOMIAL METHOD FOR DETERMINI 
* NG DA/DN ') . 
17 FORMAT(/) 
20 FORMAT(/6H PMIN=,F6.3,4HKIPS,5:X,5HPMAX=,F6.3,4HKIPS,5:X,2HR=,F6.3,5 
* X,lOHTEST FREQ=,F6.3,3HHZ.) 
22 FORMAT(/7H TEMP.=,F4.0,1HF,5:X,12HENVIRONMENT=,A4) 
25 FORMAT(A4,F5. l,F8.3,A4) 
30 FORMAT(lOA4,2I6) 
35 FORMAT(//lH ,10A4,10:X,14HNO.POINTS = ,13) 
40 FORMAT(4(F6.4,F9.0)) 
55 FORMAT(/8H OBS.NO., 3X,6HCYCLES,5X,8HA(MEAS.),3:X, 7HA(REG.),4:X,6HM 
* C.C.,5:X,4HDELK,5:X,5HDA/DN) 
92 FORMAT(l4,6:X,F8.0,2:X,F8.3,3:X,F8.3,3:X,F8.6,2:x,F8.2,3:X,E8.3) 
95 FORMA T(I4,6:X,F8.0,2:X,F8.3) 
98 FORMAT(l4,6:X,F8.0,2:x,F8.3,3:X,F8.3,3:x,F8.6,2:X,F8.2,3:X,E8.3,2H *) 
99 FORMAT(F6.3,F6.3,F6. l,F6.3,F6.3,F6.3) 
200 FORMAT(/lOH ) 
300 FORMAT(/45H * -DATA VIOLATE SPECIMEN SIZE REQUIREMENTS) 













DO 31 I=l,NPTS 



















Cl = 0.5*(NN(l)+NN(7)) 









X = (NN(J)-Cl)/C2 
YY=AA(J) 
SX=SX+X 
SX2 = SX2 + X**2 
SX3 = SX3 + X**3 
SX4 = SX4 + Y**4 
SY=SY+YY 
SYX = SYX + X*YY 




BB(l) = T2/DEN 
T3=7.0*(SYX*SX4-SYX2*SX3)-SX*(SY*SX4-SYX2*SX2)+SX2*(SY*SX3-SYX*SX2 
*) 
BB(2) = T3/DEN 
T4=7.0*(SX2*SYX2-SX3*SYX)-SX*(SX*SYX2-SX3*SY)+SX2*(SX*SYX-SX2*SY) 





X = (NN(J)-Cl)/C2 
YHAT = BB(l)+BB(2)*X+BB(3)*X**2 
RSS = RSS+(AA(J)-YHAT)**2 
TSS = TSS+(AA(J)-YB)**2 
75 CONTINUE 
R2 = 1.0-RSS/TSS 
DADN(I)= BB(2)/C2 + 2.0*BB(3)*(NN(4)-Cl)/C2**2 
X=(NN(4)-Cl)/C2 




































APPENDIX G-STRESS INTENSITY FACTORS FOR SLANTED 
CRACKS PROJECTED TO HORIZONTAL 
174 
The following is a simple comparison of several actual Mode I/Mode Il specimen 
stress intensity factors to the handbook solutions for a horizontal crack. Notice that the 
crack length 11iiorz. is calculated by multiplying the slanted crack length aslanted by the cosine 
of the alpha angle. 
TABLEXXX. 
SIF'S FOR SLANTED CRACKS PROJECTED TO HORIZONTAL 
Alpha a{slanted) a{horz.) Kl/Sigma 
~ .(ioJ mlJ. a(horz.)lb E(a(horz.)/b) (Handbook) 
0 2.19 2.19 0.56 3.48 9.1 
10 2.66 2.62 0.67 5.38 15.4 
20 2.31 2 0.5 2.84 7.1 
30 2.75 2.38 0.62 4.34 11.9 
40 3.13 2.39 0.62 4.34 11.9 
*Corrected for reduced cross section using a factor of . 6 
THE SINGLE EDGE NOTCH TEST SPECIMEN 
A.· Stress ·r~tens(ty-Fact~r 
Numerical Values of F(a/b) 
The curve in the following 
figure was drawn based on the results. 
having better than o.si accuracy. 









'.2. ... • 3 ~ 
Fe%)= 1.12.2-0.201 ( %)+10.ssoCo/b) -21.'Ttoc o/b) 1- 30.38?.t o/t,) 
a. 0.5% for a/b ~ 0.6 
b. Least square fitting, Gross 1964, Brown 1966 
Figure 72. Handbook Solution for S1F's[94] 
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